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Abstract

It has been proved that the effectiveness of photodynamic therapy (PDT) is closely related to the intrinsic features of the
photosensitizer (PS). Over the recent years, several efforts have been devoted to the discovery of novel and more efficient
photosensitizers showing higher efficacy and lower side effects. In this context, squaraine and cyanine dyes have been reported
to potentially overcome the drawbacks related to the traditional PSs. In fact, squaraines and cyanines are characterized by
sharp and intense absorption bands and narrow emission bands with high extinction coefficients typically in the red and
near-infrared region, good photo and thermal stability and a strong fluorescent emission in organic solvents. In addition,
biocompatibility and low toxicity make them suitable for biological applications. Despite these interesting intrinsic features,
their chemical instability and self-aggregation properties in biological media still limit their use in PDT. To overcome these
drawbacks, the self-assembly and incorporation into smart nanoparticle systems are forwarded promising approaches that
can control their physicochemical properties, providing rational solutions for the limitation of free dye administration in the
PDT application. The present review summarizes the latest advances in squaraine and cyanine dyes for PDT application,
analyzing the different strategies, i.e.the self-assembly and the incorporation into nanoparticles, to further enhance their
photochemical properties and therapeutic potential. The in vivo assessments are still limited, thus further delaying their
effective application in PDT.
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1 Introduction

The origin of photodynamic therapy (PDT), originally
known as heliotherapy, dates back to ancient civilizations
such as Egypt, Greece, China, Rome and India [1, 2]. At
present, PDT represents an attractive technique for a wide
range of applications, spanning from theragnostic [3, 4]
and antimicrobial applications [5] to cancer therapies, as a
promising alternative to the traditional treatments, thanks
to the high selectivity for the target [6, 7] and the non- or
minimal-invasive nature [6-9]. PDT involves three key fac-
tors, a photosensitizer (PS), light with an appropriate energy
to penetrate the tissue window [10, 11], and molecular oxy-
gen [12]. All these elements are harmless on its own but
when the PS is excited by a non-thermal light (i.e. LED), at
the appropriate excitation wavelength, reacts with oxygen,
generating reactive oxygen species (ROS) which cause an
oxidative damage responsible of the death of cells by necro-
sis and/or apoptosis [7, 12].

In fact, after the irradiation, the light is absorbed by the
PS, causing the conversion from its ground state (singlet
state, 'PS) to an excited singlet state ('PS*). Due to the
instability of this excited state, the PS can lose the energy,
returning to the ground state or, alternatively, the singlet
state can undergo intersystem crossing (ISC), causing the
spin conversion of the electron in the higher energy orbital
and thus leading to excited triplet state (*PS*). The triplet
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state is more stable and with a longer lifetime, allowing the
energy transfer to molecular oxygen (O,) (type II reaction
mechanism) or the electron transfer to a substrate (type [
reaction).

Moreover, PDT can be easily combined with other thera-
peutics [6, 11] and the side effects are relatively limited,
showing cost effectiveness and higher cure rates [6, 12]
compared to the traditional cancer therapies such as surgery,
chemotherapy and radiotherapy [6, 9]. It has been proved
that the effectiveness of PDT is closely related to the intrin-
sic features of the PS. Hence, designing PSs with red-shift
excitation wavelength, high generation of singlet oxygen
('0,) and simultaneous selectivity to the target tumor is
crucial for the therapy success.

To date, a plethora of photosensitizers have been devel-
oped and are currently used in PDT; based on progress
of generation, they can be divided as first, second and
third generation. The first generation includes porphyrins
(Photofrin®) and chlorins, which have been widely clini-
cally used in the treatments of lung, esophagus, pancreatic
and bladder cancer. Despite their efficacy, some specific
drawbacks related to hydrophobicity in biological micro-
environment, non-specificity and poor tissue penetration
due to light absorption at a specific spectral region led to
the development of the second-generation photosensitizers
(derivatives of chlorins, i.e Foscan®, bacteriochlorins, and
phthalocyanines). This second generation of PSs showed a
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stronger action on the tumor regions thanks to their strong
absorbance in the Near-Infrared region (NIR), causing
higher light penetration. With the aim to increase the selec-
tivity, the third-generation PSs are based on the first and sec-
ond-generation PSs conjugated with targeting molecules or
encapsulated in biodegradable/biocompatible nanoparticles.

Among different NIR organic dyes, polymethine dyes
(PMDs) are the most retaining attentions for wide applica-
tion in various fields of science and technology: PDT [10,
13, 14], organic photovoltaics [15] and Dye-Sensitized Solar
Cells [16, 17]. The advantage of PMDs over other classes of
PSs relies in the possibility of easily tuning their structure
to get the proper photophysical and photochemical proper-
ties for the desired applications [18, 19]. Even though the
application of PMDs as PSs in PDT is limited compared to
other classes of PSs such as phthalocyanines and most first-
generation PS, porphyrins and their derivatives, the research
interest in polymethine dyes for PDT is continuously grow-
ing during the last years, as reported in Fig. 1. In fact, thanks
to their intrinsic photochemical properties such as broad
absorption spectral range with high extinction coefficients
and high fluorescence quantum yield (QY), summarized in
Tables 1, 2 and 3, they could be considered as promising
alternative PSs for photodynamic treatments. In addition,
they can be synthesized with absorbance bands between 600
and 800 nm, perfectly fitting the phototherapeutic window,
and the procedure to produce them allow to obtain a single
pure compound under good manufacturing practice (GMP)
conditions with quality control and low manufacturing costs.
Finally, they possess a high singlet oxygen quantum yield
leading to good production of ROS upon irradiation as well
as no dark toxicity or side effects and relatively rapid clear-
ance from normal tissues, minimizing the side effects of
phototoxicity [20].

Despite the noticeable advantages related to the PDT
technique compared with the conventional ones, cur-
rently, several drawbacks still limit its effective application,

Fig. 1 Trend of the publications
related to polymethine dyes 120 -
over the last 35 years. (Source:
SciFinder-n, Keywords: Poly-
methine dyes/Cyanines/Squar-
aines in Photodynamic Therapy
and merging all the results)
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spanning from the convenient light source and photosensitiz-
ers’ photophysical and chemical properties, such as the lim-
ited/poor water solubility in biological environment [21], to
the low selectivity and the correct dose to exert the desired
effect in vivo [22]. In particular, the poor water solubility
of the PS results in a low fluorescence intensity due to self-
quenching effect, leading to a reduction in the reactive oxy-
gen species (ROS) generation.

Over the recent years, several efforts were devoted to
overcome these limitations and to achieve higher solubility
in biological fluids, a deep specificity of tumor microenvi-
ronment and hypoxic tumor [6, 21, 23], focusing the atten-
tion on the improvement of the PS photochemical properties
to enhance the targeted PDT for cancer treatment.

In this review, we bring to light the recent advancements
and future perspectives towards the potential of polymethine
dyes as photosensitizers, specifically cyanines and squar-
aines, in PDT applications. A detailed structure to function
analysis is defined in the first section. Due to some intrin-
sic limitation of these dyes, the second and third section is
devoted to the self-assembly and incorporation into smart
nanoparticle systems, as promising approaches to boost the
dye efficiency. Finally, the overall recent in vivo studies on
both cyanines and squaraines will be reported in the fourth
and last sections, highlighting the lack of in vivo works and
the limitation of the use of PMDs in therapeutic application.

2 Polymethine dyes
2.1 Squaraine dye-based photosensitizers

Squaraine dyes are four-membered ring systems derived from
squaric acid through a dicondensation reaction of electrophilic
aromatic moieties and squaric acid. Squaraines are character-
ized by sharp and intense absorption bands [20] and narrow
emission bands with high extinction coefficients (¢ ~ 10°

Trend of publications during the last 35 years
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Table 1 Summary of photophysical properties of the squaraine dye-based photosensitizers (2a—2z)

Comp -R Absorbance Emission PLQY 1O2 QY References
Amax (M) Amax (M)
2a 5882 - 0.02¢ - [35]
2b 610%/606" 621° 0.0003" - (36]
2¢ 617%614° 630° 0.0002° -
2d 6829, 663¢, 678" 70594, 675¢, 683F 0.854,0.21°,0.92f [39]
2e 660°, 6678, 669", 671, 680°, 678°, 6828, 683", 6841, 705, 0.26¢, 0.428, 0.54", i, _f _i - [40]
687, 676°, 651* 703/, 689°, 665 0.29°, 0.02¢
2f 655°, 6598, 6621, 664/, 673", 670°, 6748, 677", 6781, 699", 0.10%, 0.208, 0.27%, -, £, J, -
680, 669°, 643* 695, 683¢, 658 0.17%,0.01%
2g 605¢, 6108, 610", 6107, 617", 665¢, 6678, 664", 6551, 684, 0.20°, 0.408, 0.48" 0.56/, -1, J, —
6157, 608°, 554% 6807, 670°, 668* 0.30¢, 0.02%
2h 685! 720! 0.47' - [43]
2i 670-690' 710-745' - -
2j - -
2k - -
21 668° - 0.01™  [44]
2m 673¢ - 0.03™
2n 672° - 0.03™
20 683¢ - 0.06™
2p 681° - 0.08™
2q 6488 6628 [10]
2r 6558 6688
2s 6388 6448
2t 6402 6478
2u 6598 6718
2v 6438 6498
2w 6458 6518
2x  R;:CH, 6417619" - 0.04"  [45]
R,:CH,CH,; 6427/622" - 0.05"
2y R,:CH, 652"/620" - 0.27"
R,:CH,CH; 6457623" - 0.16"
2z R,:CH, 659%624" - 0.14"
R,:CH,CH; 6607/619" - 0.36"

#20% vol/vol ethanol-water (EtOH-H,0)
®2% vol/vol methanol-water (MeOH-H,0)
‘Mmthanol (MeOH)

4Toluene

¢ Acetonitrile (ACN)

fDimethylsulfoxide (DMSO)

¢Ethanol (EtOH)

"Propanol (PrOH)

iButanol (BuOH)

idimethylformamide (DMF)

kWater (H,0)

'H,0:DMSO (from 60 to 80%)
MChloroform (CFM)

"Dulbecco's modified Eagle medium (DMEM)

@ Springer
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Table 2 Summary of a.ll the Comp -R Absorbance Emission PLQY 102 QY References
phqtochemlc.al properties of A (nm) A (nm)
aminosquaraines (4a—4z) max max

4a 6488 - - [14]

4b 6578

4c 6678

4d 658¢

4e 6578

4f Phosphorescence** 6618 1267%** 0.02° 0.22°¢ [46]

4g 6708 1265%* 0.03° 0.26°

4h 6798 1267%* 0.01° 0.09°

4i 6718 1267%* 0.11°¢ 0.19°

4j 6828 1267%* 0.09° 0.16°

4k R=CH,; 693¢, 605" - 0.05¢ [47]

X=H

41 704¢, 631° 0.04°

4m 705¢, 619" - 0.03¢ [48]

4n 715¢, 637" 0.05°

40 665¢ - 0.29¢ [51]

4p 675¢ 0.19¢

4q 684¢ 0.16°

4r 676¢ 0.22¢

4s 685¢ 0.10°

4t R=C¢H, 6842, 608", 658° - 0.04° [50]

4u 695¢, 6174, 671° 0.06°

4v R,=C(H,; 651°f - - [53]

4w R,=C¢H}; 662¢, 660"

4x R,=C,H; 647¢, 647"

4y R,=C,H; 658°, 657

4z R,=C,H; 657°, 655

**Phosphorescence

“MeOH

"ACN

‘DMSO

dWater (H,0)

‘CFM

DMEM

£1% vol/vol dichloromethane-methanol (DCM-MeOH)

M~!em™!) typically in the red and near-infrared region, good
photo- and thermal stability and a strong fluorescent emis-
sion in organic solvents [24, 25]. Different reviews have been
published reporting on squaraine dyes synthesis strategies [18,
26] and potential applications [19, 27, 28] including photo-
conductivity, data storage, optical detection [29], solar cells
[17], bioimaging [24, 30], and photodynamic therapy [31-34].

2.2 Invitro PDT studies of squaraines
2.2.1 Phloroglucinol moiety

Even if squaraines have been proposed as photosensitizers
since more than 20 years, few reports on their effective use
as photosensitizers in cell cultures are present in literature.
The first attempt is the work of Ramaiah and coworkers who
analyzed the cytotoxicity and genotoxicity of three differ-
ent squaraine dyes based on the phloroglucinol moiety [35]
(2a—c in Fig. 2) already proposed as PS in 1997 [36]. The
results showed that halogenated squaraines (2b and 2¢), and
much less pronounced the non-halogenated dye (2a), exhibit

@ Springer
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Table3 Summary of the photophysical properties of cyanine dye-
based photosensitizers (Sa—Sg and 6a—61)

Comp Absorbance Emission PLQY lO2 QY References
Amax (M) Amax (NM)

5a 651" 671° 0.308" 0.003"  [59]

5b 654" 672f 0.086" 0.003"

5¢ 651" 669" 0.059" 0.015°

5d 686°, 682¢ 705, 702¢ 0.302¢ — [60]

5e 689", 684¢ 709°, 704¢ 0.291° —

5f 692°, 688¢ 713%, 709¢ 0.365° -

5g 689°, 685° 709°, 705¢ 0.381° —

6a 7654 8274 0.48¢ 0759 [62]

6b 783%, 793¢, 799%, 817", 0.041* — [69]
775" 796"

6¢ 790° 805¢ 0.22°  0.66°  [64]

6d 687° 780° 0.009° 0.44°

6e 790%, 8007 836" - - [64]

6f 7932, 802¢ 8372 - -

6g 796%, 8069 8442 - -

6h 677, 675" 7582, 753h - 0.20°  [65]

6i 686" 759" 0.121" 0.169" [66]

6j 776" 820" - - [67]

6k 7812, 7998, 799%,8058, 0.039* — [69]
779" 800"

6l 7822, 7968, 804% 8188,  0.084* — [68]
778" 791t

“MeOH

"DMSO

°EtOH

DMF

°H,0

"Dichloromethane (DCM)
£10% Fetal bovine serum (FBS)
"Phosphate-buffered saline (PBS)

efficient cytotoxicity upon photoexcitation in two different
mammalian cell lines. Moreover, the three dyes were found
to be cytotoxic also in two strains of bacteria only after irra-
diation. On the same series of dyes, the same authors have
analyzed the DNA damage and the cytotoxicity in mam-
malian cells and cell-free systems in presence and absence
of various additives and scavengers [37]. This helped in
understanding the mechanism of the process, indicating for
instance the involvement of superoxide radicals and hydro-
gen peroxide for the two halogenated squaraines while the
photobiological activity of the non-halogenated ones seems
to be mediated by type-I reactions.

More recently, the diiodo-squaraine (bis(3, 5-dii-
odo-2,4,6-trihydroxyphenyl)squaraine) (2¢) showed a
maximum photodynamic activity in human breast can-
cer cells MDA-MB-231 compared to other cancer cells
(oral, cervical, colon and pancreatic) with a very little

@ Springer

cytotoxicity in normal breast cells MCF-10A [38]. The
authors applied a proteomic approach who revealed that
PDT induces oxidative stress and initiates a series of pro
and anti-apoptotic pathways, including cell redox homeo-
stasis, response to unfolded protein response, regulation
of programed cell death, actin cytoskeleton organization
and cell redox homeostasis in breast cancer cells. They
concluded that this PS could be a good candidate for PDT
since it induced a predominant apoptotic cell death path-
way rather than necrosis with lesser damage to surround-
ing healthy cells.

2.2.2 Benzothiazole moieties

In search for a wider absorption in the tissue transpar-
ency window, Rapozzi et al. introduced the N-alkylben-
zothiazole residue on two squaraines, each containing two
C6 hydrocarbon chains that might favor their association
to the cell membranes [39]. The two proposed PSs show
absorption between 550 and 750 nm (with Abs peaks
around 660-680 nm), almost perfectly matching the so-
called “phototherapeutic window” (600-900 nm) and
their photodynamic effect was tested in four cell lines. As
shown in Fig. 3, the symmetric dye 2d resulted a strong
photokilling agent at relatively low concentration (< 1
pM). The proposed photooxidation process is through a
type I mechanism, through the formation of peroxide and
hydroperoxide species, leading to cell death primarily by
necrosis. Moreover, these molecules efficiently internalize
in HeLa cells and accumulate in the cytoplasm, as shown
by confocal microscopy studies (Fig. 3).

Few years later, Shafeekh et al. [40] proposed three
water-soluble bisbenzothiazolium squaraine dyes. A struc-
ture—activity study was performed indicating that the dye
with iodine substitution (2e) on both benzothiazolium
units was the best performing one, compared to the SQMI
(2f) with only one iodine substitution. The symmetrical
diiodinated dye (2e) resulted an efficient PS for PDT also
in in vivo cancer models [41, 42]. The less active dye was
the unsymmetrical squaraine dye ASQI (2g) containing
iodinated benzothiazolium and aniline substituents con-
firming that the presence of iodine and sulfur atoms in
these molecules can improve its intersystem crossing effi-
ciency to the triplet state. Photodynamic effect with these
dyes was expected to be through the generation of both
singlet oxygen (type II) and ROS (type I).

A further modification of benzothiazole-based dyes was
proposed by Wei et al. [43] with a dicyanomethylene sub-
stitution on the central four-membered ring making them
potential NIR PSs with absorption between 600 and 700
nm. The authors proposed four different structures (2h-k)
where the alkyl chain nature was modified to understand
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X=H (2a) (2d)
Br (2b)
1 (2¢)

/RZ
|
Rq,2 = C3HgSO; (2h) @)
R12=CHs (2i)
Ry2 = C3HsCOOCH; (2i)

R4 = CH3, R, = C3HgCOOCH; (2k)

R
SQ-NH R=H,X=H (2q)

= X Br-NH R=H,X=Br (2r)

o- Br-C2 R=C,Hs, X=Br (2s)

o Br-C4 R=C4Hy, X=Br (2t)

X— / I-NH R=H,X=1 (2u)
1-C2 R=C,Hs, X=1  (2V)

R 1-C4 R=CyHg, X =I (2w)

Fig.2 Molecular structures of squaraine dyes

its effect on the biological activity. The dicyanomethylene-
substituted benzothiazole dye carrying two sulfonic groups
(2h) was not able to enter the cell membranes, while lys-
osomes location was obtained for the other squaraines
where these groups were substituted with electrically
neutral methyl or methyl butanoate groups.

2.2.3 Dicyanomethylene squaraines

A similar structure-function approach was proposed by Mar-
tins et al. [44] on a series of symmetrical and asymmetrical
dicyanomethylene squaraines with different lateral substitu-
ents: indolenines (21), benzothiazole (2m-o0) and benzos-
elenazole (2p) groups. This latter showed the best activity
causing a decrease in cell viability greater than 30% despite
the very low singlet oxygen QY suggesting a type I reaction
mechanism.

2.2.4 Indolenine-based squaraines

Squaraines with differently substituted indolenine moieties
(2q—w) have been obtained via a one-pot condensation reac-
tion by Serpe et al. [10]. Results observed that not only the
presence of bromine (Br-C2, Br-C4) or iodine (I-C2, I-C4)
on the indolenine ring facilitates the inter-system crossing,
but also their hydrophilic—lipophilic balance strongly affects
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R N
o-
9=
Y
(o] \)(2
SQDIR = C,;HgS05, X1, =1 (2€)
SQMIR = C,Hs, X, =1, X, =H (2f)
SOzH AsQl (2g)
—X
|
Y =S8, X=H, R = C3HCOOC,Hy (2m)
Y=8,X=H, R=CgHys (2n)
Y=8,X=1, R=CgHys (20)
Y = Se, X = H, R = CgHys (2p)
R\

Y42,=0 (2x)

/ Y;=8,Y,=0 (2y)

Y42=S (22)

R

the pharmacological activity. Moreover, confocal studies
showed the effective intracellular localization of Br-C4 and
I-C4 squaraine dyes inside HT-1080 cells in cellular mito-
chondria. The insertion of one or two sulfur atoms on the
central core (2x—z) was able to increase the singlet oxygen
generation efficiency decreasing the photostability of the
dyes [45].

All the photochemical properties of the above-mentioned
squaraines (2a—2z) have been collected and reported in
Table 1.

2.2.5 Aminosquaraines

Aminosquaraines, or squarilium cyanine dyes, are a particu-
lar class of cationic squaraines in which one of the oxygen
atoms of the central four-member ring has been replaced by
an amino group. In this way, these dyes possess a positive
charge and a cationic character that may facilitate the cellu-
lar uptake. Moreover, the presence of the electron-donating
amino group, in addition to improving their solubility in
physiological conditions, may increase the rigidity of the
central bridge and consequently raising the efficiency of sin-
glet oxygen generation [46].

The first report on the in vitro photosensitizing ability of
symmetrical aminosquaraine dyes was published in 2017
[14] where a series of differently substituted symmetri-
cal benzothiazole aminosquaraines (4a—e in Fig. 4) were

@ Springer
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Fig.3 (Up left) Confocal laser microscopy images of HeLa cells
treated for 4 h with squaraines 2d (1 pM). (Right) Cytotoxicity of
increasing amounts of squaraine 2d delivered to four different cancer
cell lines either in the dark (light blue) or after light treatment (flu-
ence rate, 15 J cm™2) (dark blue). Viable cells were measured with
a resazurine assay. Histograms report in ordinate the percent of rela-

synthesized and tested in several human tumor cell lines.
All compounds showed to inhibit the tumor cells upon irra-
diation but with a non-negligible cytotoxicity in the dark.
A couple of years later, the same group inserted a heavy
atom (i.e. iodine) on the benzothiazole ring (4f—j) slightly
shifting the absorption (+ 10 nm) towards the NIR region
and increasing the singlet oxygen quantum yield [46]. When
compared to the non-halogenated analogues, these symmet-
rical diiodinated benzothiazole aminosquaraines exhibited,
in general, lower Growth Inhibition Gls, values under irra-
diation. A further structural modification was introduced
by the development of asymmetrical aminosquarylium
cyanine dyes derived from benzothiazole and quinoline (4k
and 41) [47]. The presence of a moiety of quinoline shifts
the maximum absorption wavelength to NIR region (4,,,,
693-704 nm). However, their dark toxicity is higher respect
to the non-modified squaraine dye. A further modification
was obtained by the introduction of an iodine atom into the

@ Springer

Squaraine 2d (uM)

tive proliferation, that is, the ratio RFUT/RFUC 100, where RFUT is
the fluorescence of treated cells, while RFUC is the fluorescence of
untreated cells. The data are the means of three independent experi-
ments. Modified and reprinted with permission from Rapozzi et al.
[39]. Copyright (2010) American Chemical Society

quinoline heterocycle (4m and 4n) (4,,, 705-715 nm) [48].
This modification did not increase the ROS production but
significantly improved the in vitro phototherapeutic activ-
ity, suggesting a type I reaction mechanism. Unfortunately,
a complete comparison is not possible since the reported
compounds show the same structure but different counteri-
ons (I” vs CF;S0;7): the external heavy atom effect should
increase the singlet oxygen quantum yield by about 20%
[49]. An increase of cytotoxicity was recorded for symmetri-
cal (40-s) and asymmetrical benzoselenazole aminosquar-
aines (4t and 4u) [50, 51]. They exhibited photodynamic
activity against different human tumor cell lines, inhibiting
cellular growth upon exposure to light mostly with Gls, val-
ues less than 5 pM. In general, these compounds are more
cytotoxic than their benzothiazole analogues and showed
inhibitory activity in the dark. Indolenine-based aminos-
quaraine dyes (4v—z) were highly cytotoxic in all radiation
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Fig.4 Molecular structures of | 1
aminosquaraine dyes I I
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NR;R, NR;R,
Rip=H (4a) Rip=H (4f) R=H,X=H,Y=1I (4k)
Ry =H, Ry, = CH,CH,0OH  (4b) R{=H, Ry =CHj; (49) R=CHs, X=H,Y=I (41)
R1,2 = CH,CH,OH (4c) Ry = CH,CH,OH (4h) R=H,X=1Y=CFS0; (4m)
Ry =H, Ry =CHj (4d)  R,=H,R,=CH,CH,OH (4i) R=CHs X=1,Y =CF;S0; (4n)

R; = CHg, Ry = CH,CH,OH (4e)

0
— /
(=)
NR,R,
Riz=H (40)
R;=H, Ry = CH,CH,OH  (4p)
Ry = CH,CH,OH (4q)
R;=H, R, = CHj (4r)

R4 = CHj3, Ry = CH,CH,OH (4s)

conditions and also in the dark and therefore are not of inter-
est as PDT photosensitizers [52, 53].

From all these studies, it is not clear the real influence of
the counterion and chain length on the photodynamic activ-
ity. In all the examples reported in literature, if we com-
pare these compounds with the squaraine counterpart, the
introduction of the amine group into the central ring always
increases the dark cytotoxicity.

2.2.6 Cyanine dye-based photosensitizers

Cyanines belong to the polymethine dyes family: their struc-
ture is characterized by two nitrogen heterocyclic rings (i.e.
pyridine, indolenine, benzoindolenine, imidazole, benzo-
thiazole, quinoline) connected via a n-conjugated chain.
This chain is constituted of sp>-hybridized carbon atoms.
Depending on the number of methine groups of this chain,

R4 = CHj3, Ry = CH,CH,OH (4j)

o}
R \= /R,
CF3SO; iR,
R=H (4t) Ry = H, Ry = CgHys (4v)
R=CH; (4u) Ry = CH3, Ry = CgHys (4w)
Ry = H, Ry = CoHs (4x)
Rq=CHs, Ry =CzHs (4y)
Ry = CH,CH,0H, Ry = CoHs  (42)

cyanines can be categorized as monomethine (Cyl), trime-
thine (Cy3), pentamethine (CyS5) or heptamethine (Cy7)
cyanines [54].

Cyanine dyes have been widely investigated due to their
excellent properties that make them suitable for a wide vari-
ety of applications. First of all, their absorption maxima can
be tuned to the NIR region through easy structural modifi-
cations. Moreover, their biocompatibility, low toxicity and
good photostability make them suitable for biological appli-
cations and in particular for photodynamic therapy [6, 33,
55-58].

2.3 In vitro PDT studies of cyanines
2.3.1 Pentamethine cyanine dyes
Pentamethine cyanine dyes possess long absorption wave-

length perfectly within the phototherapeutic window. Huang
et al. [59] proposed three symmetric indolenine-based

X /X
X=H (5a) X=H,R=CHs; (5d)
x=cl (5b) _ X=H,R=CH, (5€)
X=Br (5c) *N N X=Br,R=CH, (5f)
N ) _ X=Br,R=C,H; (59)

Fig.5 Molecular structures of pentamethine cyanine dyes
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penthamethine cyanines (Sa—c in Fig. 5) with different halo-
gen groups on the central (meso) position (4,,,, = 651-654
nm). Among these three dyes, the Br-substituted one was
able to enhance the singlet oxygen quantum yield show-
ing a better half maxima Inhibitory Concentration ICy, and
higher phototoxicity against MCF-7 cells with mitochondria
localization. Our group reported a series of symmetrical Cy5
based on the benzoindolenine ring with different substitu-
tions: bromine and C2 or C4 alkyl chains (Sd—g) [60]. These
PSs have an absorption slightly more shifted toward the NIR
(680-699 nm) with phototoxicity at very low concentration
(10 nM). Surprisingly, the presence or absence of the heavy
atom was not highly affecting the PDT activity which was
slightly higher for longer alkyl chain dyes.

2.3.2 Heptamethine cyanine dyes

Compared to pentamethine with the same functional
groups, heptamethine cyanine dyes have a maximum
absorbance shifted to the near-infrared range of around 100
nm. The most used Cy7 is without any doubt Indocyanine
Green (ICG), reported in Fig. 6. Among its advantages,

water-solubility and biocompatibility along with excellent
photochemical properties made it one of the most used
cyanines in the biomedical field: ICG is the only Food and
Drug Administration (FDA) approved NIR agent as imag-
ing probe. ICG also shows some disadvantages like poor
aqueous stability, rapid body clearance and lack of targeting
properties. For PDT applications, one of the most drawbacks
is its low singlet oxygen QY and the very low activity as
PDT PS [61].

The examples of Cy7 applied in PDT are modification of
the ICG skeleton as attempts to improve the PDT efficacy:
Cao et al. introduced iodine atoms on the indolenine ring
(6a in Fig. 6) to improve the ROS production [62]. This
novel symmetrical iodine NIR Cy7 (4,,,, = 749 nm) could
generate singlet oxygen along with heat indicating that it can
be an ideal phototheranostic agent for a synergistic photo-
dynamic and photothermal (PDT/PTT) treatment for deep
tumors. In this case, the effect of iodination was evident in
increasing cancer cell apoptosis and inhibition rate in deep
HepG?2 tumors.

Like this example, most of all the compounds present in
literature are modifications of ICG to get more efficient PS

FNTRZNININAN FNTNNNNNN
i 2) Na' “ooc éOH
os  IcG s0; (6a)
X2 X X1 Xp X
< & \fs > x3-< %f’, - } s‘ /> X <‘ ?jL
+_ _ 3
N N +N N
Br X=cl (6e
% ( Xy, Xg=H,X;=1 (6¢) X =Br ((Gf))
+ Xy, X3=1,X;=H (6d) x=1 (6g)
IR-52 (6b) - Na - ]
055 SO, 'COOH

(6h)
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0

Fig.6 Molecular structures of heptamethine cyanine dyes
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Fig. 7 In vitro cytotoxicity induced by phototherapy and mitochon-
drial localization. a, b Viabilities of A549 and LLC cells after incu-
bated with different concentrations of IR-52 (6b) for 24 h exposed to
laser irradiation (808 nm, 2 W cm™2) or not for 5 min. ¢ Fluorescent
images of Calcein AM/PI co-stained A549 cells after different treat-

maintaining or trying to maintain the impressive ICG fluo-
rescence characteristics. All the Cy7 proposed as PSs are
based on the indolenine ring instead of benzoindolenine one
as in ICG and most of them are designed with the polym-
ethine bridge stabilized by a cyclohexene moiety, substituted
by a chlorine atom.

Chen et al. synthesized a lipophilic cationic Cy7 (IR-
52, 6b) with mitochondria localization and absorption
maxima at 789 nm [63]. Even if IR-52 does not bear any
heavy atoms, this simple symmetrical indolenine-based Cy7
exhibited high phototoxicity against A549 cells and tumor-
targeted in vitro and in vivo PDT and PTT efficacy, as clearly
highlighted in Fig. 7.

The dye modification with the insertion of heavy atom,
to get more efficient PSs, can greatly affect the photophysi-
cal properties, as demonstrated by Atchinson et al. [61]
who prepared two iodinated derivatives with mono- and
di-iodinated indolenines (6¢ and 6d). They proved that the

007515 3 6 12
Concentrations (nM)

Mito-trackeg Lyso-tracker

ments (green: Calcein AM, red: PI). d Mitochondrial localization was
determined by co-stained IR-52 with Mito-tracker in A549 cells. Lyso
Tracker Green was used as a negative control. Image obtained from
the work of Chen et al. [63]. This image is licensed under a Creative
Commons Attribution 4.0 (CC-BY) International Licence

addition of two atoms of iodine on the indole ring dramati-
cally quenches the fluorescence emission with a significant
blue shift while the presence of only one iodine greatly
improves both singlet oxygen production and PDT efficacy.

To better understand the effect of the heavy atom on
the photophysical properties and photodynamic activity,
a structure-function study was reported by Meng’s group
where a series of symmetrical indolenine-based halogen-
ated Cy7 has been synthesized by changing the nature of
the halogen (chlorine, bromine and iodine, 6e, 6f and 6g,
respectively) [64]. The authors showed a positive correla-
tion with the increase of the atomic number of halogen
atoms as far as photochemical properties and photothermal
stability are concerned but not for singlet oxygen QY and
PDT activity.

Another way to increase the singlet oxygen quantum
yield is the insertion of 2,2,6,6-tetramethylpiperidinyloxy
(TEMPO) which is known to enhance the inter system
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Fig.8 A Schematic representation of the self-assembled BSA/Cy7—
SQ/GM NPs for Hsp-90-regulated synergistic PDT/PTT combined
with chemotherapy [70]. B Illustration showing the formation of HA-

crossing (ISC) process. Two different studies have proved
the efficacy of this strategy both introducing TEMPO on
the central bridge of two water-soluble Cy7. The resulting
symmetrical indolenine-based dyes, with sulfonic acid moi-
eties on the ring (6h) [65] or on the alkyl chains (6i) [66],
showed an increased Stokes shift, high singlet oxygen quan-
tum yield, very low dark toxicity, high chemical stability and
excellent properties in PDT process.

Among the main problems to overcome, the dye solubility
and targeting ability are the most urgent to solve. The first
can be dealt with the introduction of groups that can increase
water solubility and prevent aggregation such as sulfonic
acid moieties on the ring [65] or on the alkyl chains [66],
pyridinium ion into the alkyl chains [67], (6j) thus providing
increased photostability and dye performances. Moreover,
the possibility of inserting different functional groups on the
cyanine skeleton could be useful for the interaction and/or
covalent binding of these dyes with targeting molecules and/
or proteins, thus, leading to a preferential accumulation at
tumor sites and selective accumulation in the mitochondria
of cancer cells (6], 6Kk, 61) [67-69].

All the photochemical properties of the above-mentioned
pentamethine (5a—5g) and heptamethine (6a—6l) cyanines
have been collected and reported in Table 3.
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3 Self-assembly

As already mentioned, despite the ability of PMDs to gener-
ate ROS and their photochemical properties suitable for the
PDT process, both cyanines and squaraines suffer from poor
water solubility, aggregation in aqueous media and altered
photophysical, photo-chemical and biological properties.
Over the recent years, inspired by living organisms, self-
assembly has emerged as a process in which small, disor-
dered parts build an organized final challenging molecular
structure. Based on this strategy, researchers are moving in
search of self-assembled PS systems with tumor-targeting
ability with the aim of increasing the efficiency of the treat-
ment and minimizing the PS toxic side effects to the healthy
tissues.

3.1 Self-assembly of squaraines

To the best of our knowledge, the only example of a squar-
aine dye used as self-assembled PS for PDT has been
reported by Wen et al. [70]. They designed a Cy7-SQ system
by a covalent disulfide linkage between the Cy7 used as pho-
tothermal agent and the SQ as photosensitizer to improve the
photostability and thermal stability of both dyes (Fig. 8A).
To further increase the therapeutic efficiency, geldanamy-
cin (GM), an anticancer agent, was exploited to prevent the
undesirable overexpression of surviving Hsp-90 in cancer
cells. Thus, a self-assembly of BSA/Cy7-SQ/GM nanopar-
ticles were designed to achieve Hsp-90-regulated synergistic
PDT/PTT combined with chemotherapy. When entering in
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contact with the glutathione present in the tumor-microen-
vironment, the covalent-disulphide link from the SQ-Cy dye
will be broken in the corresponding photosensitizer and pho-
tothermal agents, allowing the simultaneous generation of
ROS and heat for an efficient synergistic effect.

3.2 Self-assembly of cyanines

The literature on the self-assembly involving cyanines is
plenty of examples compared to squaraines. Li et al. [71]
have recently described a non-symmetrical Cy3 that can
assemble into a smart J-aggregate system, under the regula-
tion of negative charged microenvironment. Once injected
intravenously, Cy J-aggregates reached the tumor site
exploiting the EPR effect. After the cell internalization, the
negatively charged microenvironment, provided by intracel-
lular RNA, stabilized once more the J-aggregates. Compared
to the free dye, the PS J-aggregate enhances the singlet oxy-
gen QY inducing a bathochromic effect in absorption and
fluorescence emission spectra (4,,,, free iodide-cyanine: 630
nm vs 4., J-aggregates: 700 nm), moving to an optimal
wavelength for the PDT treatment and thus improving the
PDT efficiency.

New target-strategies have been designed taking advan-
tage of the abnormally overexpression of some peptides or
glycoproteins in the cancer microenvironment. For instance,
glutathione (GSH) is a peptide mostly expressed in cancer
cells and it has been used by Jeong and coworkers [72] for
designing a new multi-functional drug delivery system for
PDT, based on a fluorescent color-changeable branched-form
heptamethine cyanine dye (PEG-4-CyP). The amphiphilic
structure of PEG-4-CyP is able to assemble in a nanoparti-
cle-like structure by encapsulating the doxorubicin (DOX), a
chemotherapy drug used to treat cancer. This system exhib-
ited a change in the maximum absorbance wavelength from
650 to 795 nm after the reaction with GSH. Simultaneously,
the glutathione is able to reduce the non-native disulphide
bonds, letting the DOX release.

Recently, targeting mitochondria has also become an
intelligent therapeutic strategy able to overcome the hypoxia
factor of PDT, resulting in a higher healing-efficacy. Indo-
cyanines dyes, particularly IR-780 derivatives, are known
for their mitochondria-targeting ability and good absorption
range. However, the inherent dark toxicity and low dye-dose
tolerant, the low solubility in aqueous solutions and the fast
photobleaching limit the therapy efficacy. Hence, as an alter-
native, encapsulation of the PS within a hydrophobic core
of a polymeric or lipid-based nanocarrier can be used as a
general strategy. In this context, Yuan and coworkers [73]
developed in 2015 a water-soluble and highly stable self-
assembled IR-780 containing dye. The novel structure was
obtained by modifying the aliphatic chain of IR-780 from
C3 to C16, providing a better self-assembly capacity with

hydrophilic PEG,,. Following a similar strategy, Thomas
et al. [67] reported in 2017 a highly-soluble water-stable
indocyanine derivative (6j). To improve the cancer selec-
tivity, a self-assembly strategy was designed, and a supra-
molecular polymer was built using electrostatic interaction
between the positively charged IR-Pyr and the negatively
charged hyaluronic acid (HA) polymer (Fig. 8B).

Actually, HA, a negatively charged biocompatible polysac-
charide molecule, has shown good ability to target cancer cells
binding to the CD44 receptors overexpressed on the surface of
the tumor [67]. In the same way, IR-780 loaded nanoparticles
based on folic acid modified chitosan (FASOC-IR780 NPs)
has been developed by Yang et al. [74]. The self-assembled
NPs showed notable targeting and theragnostic potential in
breast cancer therapy with a single NIR laser irradiation. A
similar strategy has been developed [75] successfully combin-
ing cancer imaging and multiple phototherapy functionalities.
In this case, they constructed a novel theragnostic nanocar-
rier (HA-PEG-CyI, hereafter called HPC) by inducing the
self-assembly of PEGylated iodinated-cyanine dye (CyI) and
attaching the ligand to its surface. The prepared HPC showed
excellent synergistic photo- and photothermal properties,
being able to generate both reactive oxygen species (ROS) and
increase temperature under 808 nm laser irradiation, therefore,
inducing apoptosis and necrosis in the tumor site. Indeed, the
combination of PDT/PTT nanomedicine has been significantly
improved during the last years compared to a single photo-
therapy modality, which often has shown limited therapeutic
efficacy in vivo. Moreover, the appreciable local hyperthermia
created by PTT increases intratumoral blood flow and oxy-
genation, which is favorable for the PDT, showing a synergetic
effect of both therapies when applied at the same time.

As already stated in Sect. 1.4.2, ICG has been widely
used as a prototype structure to design analogue molecules.
In this context, in 2016, Miao and coworkers [76] designed
the synthesis of PEGylated cypate, which in aqueous solution
spontaneously self-assembled into micellar-type nanoparticles
(SP°NPs, ~ 60 nm) with the cypate in the particle core and the
hydrophilic PEG towards water. The irreversible decomposi-
tion of the particles undergoes upon NIR irradiation allowing
to simultaneously generate both singlet oxygen for PDT and
heat for PTT. Moreover, as a potential nanomedicine, SP?NPs
exhibit intense NIR florescence (more than three-fold stronger
intensity than the free cypate) after irradiation at 800 nm, sug-
gesting the possibility of deeper tissue penetration. In 2017,
Tan et al. [68] used ICG as a prototype structure to develop
for the first time a new analog, IR-DBI, with simultaneous
cancer-targeted, NIR imaging and chemo-/PDT/PTT/multi-
modal anticancer activity. The ICG structure was modified
by inserting a rigid cyclohexenyl in the middle of the poly-
methine linker and by changing the two N-alkyl side chains
with a water-soluble carboxyl group and a lipo-soluble ester.
This asymmetrical and amphipathic structure was afterwards
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self-assembled with human serum albumin (HSA) to obtain
spherical-nanosized HSA @IR-DBI complexes with 66.7%
of encapsulation efficiency and very small diameter (15 + 5
nm), facilitating its tumor-preferential accumulation through
the EPR effect. Under NIR laser irradiation (=~ 808 nm, 1.5 W
cm™2 5 min), this drug-protein complex as well as IR-DBI,
caused hyperthermia and high ROS generation in aqueous
solution as well as in cancer cells.

Peroxynitrite (ONOQO™) has been proved to be an efficient
oxidizing and nitrating agent with high toxicity to cells than
most free radicals. In this context, Zhang et al. [77] devel-
oped a strategy in which a novel NIR-triggered Cy7-block
copolymer that was self-assembled in aqueous solution with
N-nitrosated naphthalimide (NORM) to form a dye-based
polymer nanoplatform. Under 808 nm light irradiation, these
particles are not only able to generate ROS (!0, and O,")
and heat, but also a large amount of NO gas, thereby the
in situ formation of ONOO" that enhances photodynamic
and photothermal therapy.

4 Smart nanocarriers

This section is devoted to a systemic review of organic
(polymer- and protein-based), inorganic (SiO,, ZnO, Fe,0;,
Au, MnO,) and hybrid and multifunctional NPs exploited
to overcome the abovementioned limits of free PSs and to
enhance targetability, singlet oxygen production, solubility
and stability of free dye administration in PDT application
under different stimuli [78-81], as illustrated in Fig. 9.

On the one hand, organic nanocarriers have attracted con-
siderable attention for drug delivery due to its biocompat-
ibility and biodegradability, well-described versatile func-
tionalization, and formulations and methods of production
adapted to various types of hydrophilic or hydrophobic drugs

Fig.9 Multifunctional respon-
sive smart nanoparticle to
enhance therapeutic application
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[78, 82]. On the other hand, inorganic and hybrid materials
retained attention in imaging guided therapy thanks to its
inertness, stability and above all good optical and magnetic
properties [83].

4.1 Squaraine-based NPs

The literature on nanocarrier systems for squaraine dyes
delivery in PDT is still limited. In fact, there are few inor-
ganic and hybrid nanocarriers used to surmount the short-
comings of administering free squaraines. Among them,
mesoporous silica nanoparticles (MSNPs) can be easily
exploited to this purpose thanks to their high surface area
and pore volume [84]. Sreejith et al. [85] designed a nano-
carrier based on MSNP combined with graphene oxide (GO)
and incorporating a phloroglucinol squaraine dye (2a). The
physical isolation exerted by GO nanosheets protects squar-
aines from nucleophilic attack allowing the internalization
of the dye into HeLa cells. Also Miletto et al. [86] incor-
porated different Br substituted indolenine-based squaraine
dyes (2r-t) into MSNPs and assessed ROS release.

Semiconducting zinc oxide NPs is another hybrid smart
nanocarrier which showed an interesting enhancement of
squaraine photochemical and physicochemical properties
such as singlet oxygen production, aggregate quenching
behavior and pH responsiveness. Charge transferring phe-
nomena occur at the interface junction while the squaraine is
adsorbed on the NPs surface which is responsible to improve
the ROS generation ability [87]. Remarkably, the study con-
firmed three times increase of singlet oxygen generation
compared to free dye in vitro.

In a very recent paper, a theragnostic nanoprobe com-
posed by a symmetrical dicyano indolenine-based SQ and
a DSPE-PEG-modified ultrasmall superparamagnetic iron
oxide NPs labeled with a green fluorophore (naphthalimide,

Enhancement on
v 10, generation
v' Water solubility
v" Targetability
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FSNPs in aqueous media

A local hydrophobic cage

The fluorophore is isolated by
the local hydrophobic cage

Fig. 10 Simplified representation of a local hydrophobic cage inside cyanine-anchored fluorescent silica NPs (FSNPs). Reprinted with permis-
sion from Jiao et al. [81]. Further permissions related to the material excerpted should be directed to the ACS

Nph) has been designed for guided photodynamic therapy to
treat triple negative breast cancer (TNBC) [88]. After intra-
venous administration and selective accumulation inside the
TNBC tissues, the nanoplatform undergoes a cathepsin-B
cleavage restoring the prequenched NIR fluorescence and
photodynamic activities of SQ and the Nph for magnetic
resonance/near-infrared fluorescence (MR/NIRF) imaging.
This nanoprobe showed a turn-on NIRF imaging response
that sufficiently enhanced the single oxygen production, sta-
bility and targetability. With respect to squaraine incorpora-
tion in organic NPs, though literature is limited, few reports
are found on albumin [20] and recently on powder chitosan
system [89] which results in the enhancement of fluores-
cence quantum yield and lifetime, and high specificity, high
stability and low dark toxicity.

4.2 Cyanine-based NPs

As already described for squaraine-based NPs, inorganic
materials can be exploited to develop nanoplatforms for
PDT. Silica NPs have also been used for the incorporation of
cyanines to improve the shortcomings in physiological con-
ditions such as the Aggregation Caused Quenching (ACQ).
To this purpose, Jiao et al. [81] built hydrophobic structur-
ally rigid silica nanoparticles loaded with a Cy7. As shown
in Fig. 10, this cage can inhibit the ACQ effect providing
a nonpolar microenvironment for the cyanine dye that can
maintain its excellent photophysical properties both in water
solution and in living cells due to the limitation of molecu-
lar motion. This nanosystem can provide long-term bright
fluorescence imaging and a stable PDT process.

Another example is the incorporation of ICG in Au@
Si0,@mSiO, nanoplatforms to improve both photother-
mal and photodynamic activity [90]. The dense silica layer
avoids the direct contact between the Au nanorod and ICG,
also providing an optimal space between Au nanorods and

ICG for an efficient plasmonic enhancement. In addition,
ICG molecules are hosted and protected by the mesoporous
silica layer allowing a higher singlet oxygen production
under laser excitation compared to free ICG.

Another example to improve ICG application in PDT
has been published by Gao et al. [91]. In this case, MnO,
NPs were functionalized with hyaluronic acid and loaded
with ICG. After laser irradiation, this nanosystem led to a
significant tumor growth inhibition providing an alternative
strategy to improve clinical PDT efficacy.

Among the different inorganic materials, Zhou et al. [92]
reported multifunctional water stable nanoplatform based on
iron oxide and a Cy7 (IR820) showing increased stability in
water and an enhanced ability of singlet oxygen production
compared to the free dye.

Biodegradable PEG-PCL (polyethylene glycol—polycap-
rolactone) polymeric NPs have played a great role in water
solubility and fluorescence quantum yield enhancement of a
hydrophobic cyanine derivative dye (IR775 dye). The encap-
sulation of IR775 in PEG-PCL NPs provides enhanced ROS
generation and long circulation half lifetime in image-guided
phototherapy compared to free ICG [93].

Hou et al. [94] provided a new approach to overcome
tumor hypoxia and improve the IR820 PDT effect. They
used hyaluronic acid modified poly(lactic-co-glycolic acid)
(PLGA) nanoparticles loaded with IR820 and a catalase
(CAT) which is able to catalyze H,O, to produce oxygen in
the cells. This process not only can regulate tumor hypoxia
but can also provide oxygen to IR820 to enhance ROS
production.

Thanks to their intrinsic excellent properties (i.e. water
dispersibility/solubility, flexibility and biocompatibility)
along with their ability to incorporate several active phar-
maceutical agents, nanogels (NGs) have gained considerable
attention as drug-delivery systems as alternative to poly-
meric NPs. Asadian et al. [95] used an optimized method of

@ Springer



412

Photochemical & Photobiological Sciences (2022) 21:397-419

incorporation of an indolenine-based Cy7 (IR806) in exog-
enous responsive nano-gel (tNG) to control stability and
biocompatibility and enhance PDT efficacy of the system
over the ovarian carcinoma cell line A2780.

More interestingly, multifunctionalized polymer-based
NPs systems of poly (propargyl acrylate) (PA) were pro-
posed as attractive “nanodevice” for personalized medicine
[96]. PA NPs were functionalized with bovine serum albu-
min covalently conjugated to a Cy3. When administrated,
these NPs exhibited an activation of emission due to the
cleavage of the protein and release of the Cy fluorophore.
Exploiting the digestion of protein, this smart “ON” and
“OFF” nanoplatform system provided higher carcinoma cell
death specifically on head and neck squamous cancer.

5 Invivo studies

Compared to the clinically approved PSs, such as porphyrins
and their derivatives (i.e. Photofrin® and Foscan®), squar-
aine and cyanine dyes have been reported to potentially over-
come the drawbacks related to the traditional PSs such as the
poor light absorption, the low selectivity to the tumor cells
and harmful photosensitivity on skin and eyes [44, 97]. In
fact, by modifying the molecular structure, their core can be
shaped and tailored to increase the chemo-physical features
and exert different effects according to the desired applica-
tion. Despite these promising premises, the steps to reach the
effective use of SQ and CY molecules in the photodynamic
treatment are still challenging. To date, to the best of our
knowledge, no squaraines or cyanines have been approved or
are commercially available for PDT treatment, as cyanines
are currently only approved for imaging applications [98,
99]. The reason of this delay could be ascribed to a lack of
in vivo studies reported in the literature, with a consequent
poor information on the pharmacokinetic properties and pre-
clinical evaluation, essential for a future spreading in the
clinical trials. However, many encouraging in vitro stud-
ies, as reported in the previous sections, have demonstrated
promising effectiveness of these dyes in PDT, providing the
incentive for further in vivo investigations. The following
paragraphs deal with a summary of the in vivo studies con-
ducted over the recent years.

5.1 Invivo PDT studies of squaraine dyes

As far as squaraines are concerned, since Abraham et al.
[100] reported the first in vivo experiments on phloroglu-
cinol SQ 2c as promising photosensitizers in PDT, only a
limited number of works have reported the PDT potentiality
of these PSs in vivo [43, 101, 102]. The bis(3,5-diiodo-2,4,6-
trihydroxyphenyl) squaraine (2¢) proved the ability to reduce
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the tumor size after PDT in the treatment of skin cancer in
experimental mice models [100, 102], focusing the attention
on the localization of the PS in the cellular environment. In
this context, they proved that the dye accumulation does not
occur in the nuclei, avoiding the DNA damage and genomic
instability, but in the mitochondria, revealed by the presence
of cytochrome C in the cytosol of the tumor area subjected
to PDT. Since the cytochrome C release to the cytosol, due
to the significant alteration of mitochondrial membrane per-
meability, is considered a crucial event in the mitochondria
mediated pathway of apoptosis, they were able to confirm
the crucial role of SQ in the induction of cell apoptosis [103,
104]. At the same time, the in vivo biodistribution of the dye
on normal and skin tumor induced animal models has been
investigated to evaluate the retention time of the dye [101].
After 24 h of injection, the dye has been clearly detected
in the tumor site and in the immediate surroundings of the
tumor, while no trace of SQ has been observed in the healthy
tissues, confirming the selectivity of the dye for the tumor
cells compared to the normal ones and the rapid clearance
from the body. All this evidence highlighted as this squar-
aine can be evaluated as innovative photosensitizer for PDT,
inducing reduction in the tumor volume with high selectivity
and no cytotoxic effect for the healthy tissues.

The role of the SQ in in vivo PDT has also been reported
by Wei et al. [43], who tested the PDT efficacy of a new
dicyanomethylene substituted benzothiazole squaraine
derivative (2j). After the dye intra-tumoral injection and
once the tumor size reached 5-6 mm in diameter, the mice
body weights, as well as the tumor sizes, were daily meas-
ured. Moreover, the histological sections of the tumors, liver,
and kidney were analyzed after 14 days of treatments. The
weight of all observed mice did not significantly change,
demonstrating the non-toxicity of the dye. On the contrary,
the analysis of tumor growth highlighted substantial differ-
ences in the different mice groups. In fact, the tumor vol-
umes of all non-treated mice have grown over time, while
in all 6 mice in the SQ + light group, tumor sizes were
gradually reduced, confirming the excellent photodynamic
behavior of the 2j SQ in vivo. In addition, the analysis of
histological sections revealed serious cellular damage in the
groups treated with both SQ injection and laser irradiation
compared to the controls, further supporting the safety and
high efficacy of the squaraine in vivo.

5.2 Invivo PDT studies of cyanine dyes

Compared to squaraines, a greater number of studies are
reported on the use of cyanines in in vivo PDT, because of
their wider use as imaging probes and commercial avail-
ability. Modifications of ICG and other Near-infrared Fluo-
rescence (NIRF) probes led to a large variety of structures
employed in PDT studies. By modifying the chemical
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structure of the commercially available IR-783 cyanine dye,
Atchison and co-workers [61] were able to design a new
class of sensitizers to be used in NIR activated photody-
namic therapy. Specifically, two iodinated Cy7 (6¢ and 6d)
were synthesized and evaluated both in vitro and in vivo.
The authors reported an enhanced PDT mediated cytotox-
icity of the iodinated dye compared with the non-iodinated
and clinically approved analogue (ICG), as well as a signifi-
cantly reduction of tumor size after the PDT treatment of
mice bearing ectopic human xenograft BxPC-3 pancreatic
tumors. In addition, the mono-iodinated (6¢) dye has further
been proved to enable real-time NIR fluorescence imaging
in vivo, confirming the ability of the sensitizer to selectively
accumulate in the tumor site, avoiding damage to surround-
ing healthy tissue.

Despite the demonstrated photoactivity of the cyanine
to treat and reduce tumors [61, 62, 105, 106], a single pho-
totherapy approach seems to limit the in vivo therapeutic
efficacy, particularly to treat extended and deep tumors
[76, 107-109]. To overcome these drawbacks, a promising
strategy could be the combination of different photothera-
peutic approaches such as photodynamic and photothermal
therapies. In fact, PDT depletes oxygen in tumor tissues
leading to local hypoxia, and thus to low response to the
therapy [11, 110], while PTT can cause an incomplete tumor
destruction and thus tumor recurrence [76]. By combining
these two phototherapeutic approaches, the local hyperther-
mia induced by PTT allows an increase in the intratumoral
blood flow and oxygenation, promoting the ROS genera-
tion and thus the PDT activity. To this purpose, Cao et al.
[62] demonstrated how the introduction of a synergistic
photodynamic and photothermal treatments could further
increase the therapeutic potential of the iodinated cyanines.
The use of the indolenine-based Cy7 6a showed a significant

C Saline NIR light

(C1) DO Wﬂx "gv/@ 4@&’:] m d’;:‘))[

Cy7 +NIR

delay in the tumor growth compared with commercial ICG
derivatives (inhibition ratio 39.8 and 21.7%, respectively).
In addition, as shown in Fig. 11, the reduction in the tumor
growth is completed suppressed when the combination of
PDT and PTT is applied (inhibition ratio 100%), confirming
the feasibility of the synergistic approach to treat deep and
large tumors.

To further increase the potential application of cyanines
for in vivo treatments, their selective absorption by tumor
cells as well as their fluorescent signals can be also exploited
for diagnostic purpose, obtaining a single powerful platform
which can simultaneously provide both cancer imaging and
synergistic effect induced by PDT and PTT. As already
reported in Sect. 2.2, Chi et al. [75] recently proposed a
promising strategy demonstrating the in vivo synergistic
phototherapy effects induced by a theragnostic nanocarrier
consisting of hyaluronic acid (HA) and polyethylene gly-
col (PEG) incorporating an iodinated cyanine (HA-PEG-
Cyl, HPC). The proposed multi-functional nanoplatform
is able to selectively accumulate in the tumor area and, by
exploiting the optical imaging-guided NIR laser irradiation,
the reduction of tumor volume can be selectively obtained
thanks to the synergistic antitumor efficacy of both PDT and
PTT. In addition, by tailoring the power density of the laser
irradiation, the PDT/PTT efficacy can also be modulated. In
fact, using high laser irradiation (0.96 W cm™2) the designed
system HPC showed both in vivo PDT/PTT efficacy, while
using low laser irradiation (0.3 W cm™2) only PDT efficacy
can be exploited. The authors also observed the induction of
a severe immune response, responsible of a secondary death
of tumor cells and of the reduction of the tumor recurrence.
Overall, all the results taken together confirmed the poten-
tial of this promising multifunctional approach for clinical
applications.
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Fig. 11 Images of mice before treatment (Cl) and after different
treatments in day 15 (C2); (C3) tumor pictures after different treat-
ments in day 15; enlarged pictures showed the heeled bar of tumors in
Cyl-treated mice (left) and Cyl-treated tumors cover with 1 cm pork
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tissue (right) under NIR irradiation (808 nm, 0.96 W cm™2, 1 min.
Adapted with permission from Cao et al. [62]. Copyright 2019,
American Chemical Society
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By following these examples, to date, several works
reporting different cyanines and nanosystems highlighted
the in vivo efficacy of a synergistic PDT/PTT approach
combined with imaging to increase the effectiveness of the
treatment [76, 111-113]. Despite these promising results,
one of the major unsolved concerns which hinders the clini-
cal translation of PDT still remains the accumulation of PS
in non-cancerous cells and therefore the low selectivity,
which can lead to PS accumulation in healthy tissues and
thus to serious side effects (such as prolonged skin photo-
sensitivity). To increase the selectivity, different strategies
have been proposed, spanning from the modification of the
cyanine chemical structure [69, 114, 115], or the conjugation
with polymeric nanocarriers [67, 116] to the supramolecular
assemblies of organic monomers [71].

As mentioned before, PDT causes a depletion of oxygen
in tumor tissues leading to local hypoxia, which can limit
the therapy efficacy. Wang and co-workers [117] exploited
this situation to design nanoparticles able to combine both
photodynamic and hypoxia-activated therapies. Specifically,
the PLGA/lipid nanoparticles containing both the indocya-
nine green as photosensitizer and the hypoxia-activated
prodrug tirapazamine (TPZ) have been tested against meta-
static breast cancer. In addition, to increase the selectivity
for cancer cells, and thus improve the efficiency and limit the
side effects, the nanoparticles were further conjugated with
iRGD cyclic peptide, able to target them in solid tumors.
Once internalized and irradiated with a NIR laser, the ICG
incorporated into the NPs will produce ROS, causing the cell
death and, in the meantime, the hypoxic condition, responsi-
ble of the TPZ activation, further increasing the cell death.
The in vivo results demonstrated the selective tumor accu-
mulation and intratumoral penetration of the nanoparticles,
along with the total inhibition of the primary orthotopic
tumor growth thanks to the synergistic effect of the PDT
induced by the cyanine and the chemotherapeutic effect
induced by the hypoxia activated TPZ. Moreover, since the
orthotopic 4T1 model used in this study spontaneously tends
to cause lung metastases, the authors investigated also the
antimetastatic effect of the nanoparticles, confirming the
efficacy of the designed system also against the lung meta-
static lesions compared with the control groups.

6 Conclusions

Through the present review, despite the evident limits of
squaraines and cyanines, we have shown their efficacy as
alternative promising photosensitizers to treat cancer dis-
eases. We have covered several topics ranging from a struc-
ture—activity analysis of the polymethine dyes described in
literature as PDT photosensitizers to different approaches to

@ Springer

overcome their limitations to boost their knowledge and the
spreading of their use in PDT.

Compared to the first- and second-generation PSs, squar-
aine and cyanine dyes have been proved to show excellent
photophysical and chemical properties such as broad absorp-
tion spectral range with high extinction coefficients, high
fluorescence quantum yield and low dark toxicity and side
effects. One of the most important features is the possibility
of easily tuning their structure to obtain a strong absorption
in the NIR region to match the biological tissues’ transpar-
ency window as well as to increase the selectivity for the tar-
get tumor cells. In addition, thanks to the strong NIR absorp-
tion, PMDs can play different roles leading to a combination
of different therapies such as synchronous and synergistic
PDT/PTT effect and imaging-guided phototherapy, allowing
to improve the elimination of the tumor and simultaneously
monitor the progress of the PDT.

Nevertheless, a real structure—activity relationship
study is still lacking in literature. In fact, very few papers
reported a comprehensive evaluation of how the struc-
tural modifications of the compounds can affect the pho-
totherapeutic effect. For instance, concerning cyanine and
aminosquaraine dyes, studies on the effect of the different
counterions and alterations of the central bridge are lim-
ited. In addition, for all PMDs, very few evaluations of
the effect of the lateral chain modification have been pub-
lished. There is a quite variety of structures for squaraines
while the cyanines heterogeneity is still limited since only
indolenine-based dyes are described. One main perspec-
tive for future assessment could be the employment of
different heterocycles, already introduced for squaraines
(i.e. benzothiazole, benzoselenazole, quinoline), in the
synthesis of novel symmetric cyanines. All these possible
modifications could lead to an improvement of the overall
photophysical properties as well as the phototherapeutic
potential.

So far, the spreading in the use and application of this
class of dyes for PDT is still limited due to their poor
chemical stability and solubility in biological environment
and relatively low selectivity to tumor cells. In particu-
lar, the poor water solubility results in a low fluorescence
intensity due to the self-quenching effect, leading to a
reduction in the reactive oxygen species (ROS) genera-
tion. In this review, several examples have been reported to
improve the solubility and avoid aggregation and, among
them, self-assembly and nanoparticles incorporation have
been shown as promising approaches.

Along with the improvements of chemical and struc-
tural modification strategies, more efforts need to be
devoted to increase the targeting and selectivity. Both the
self-assembly and the incorporation into nanoparticles of
different nature allow to design a multifunctional nano-
platform that perfectly matches these requirements. In fact,
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the possibility to modify or functionalize the NPs surface
allows to exploit the external stimuli such as the pH and
hypoxic tumor microenvironments, obtaining powerful
tools to overcome the defects of the PDT application.
Finally, from these premises, it is evident that polym-
ethine dyes represent promising and suitable alternative
photosensitizers for PDT, enriching the current stock of
the permanently used molecules. Certainly, more efforts
need to be devoted in the field of PMDs, in particular
commitments and investments for in vivo studies and in
pre-clinical trials to evaluate the pharmacokinetics proper-
ties, and further essential parameters such as the optimal
delivery methods, the irradiation source and the potency.
By following the trend of the last years reported in Fig. 1,
the number of studies could be expected to further increase,
allowing the scientific and clinical community to make more
exhaustive conclusions about squaraines and cyanines and
to clarify their real potential in the photodynamic therapy.
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