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With high extinction coefficients and long absorption wavelengths in the near
infrared region, phthalocyanines (Pcs) and naphthalocyanines (Ncs) are well-
suited for optical imaging and phototherapies in biological tissues. Pcs and Ncs
have been used in a range of theranostic applications. Peripheral and axial sub-
stituents can be introduced to Pcs and Ncs for chemical modification. Seamless
metal chelation of Pcs or Ncs can expand their possibilities as medical therapeu-
tic and imaging agents. Nanoparticulate approaches enable unique ways to
deliver Pcs and Ncs to target tissues and improve their solubility, biocompatibil-
ity, biodistribution and stability. Herein, we highlight some recent Pc or Nc nan-
oscale systems for theranostic applications. © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Compared to the related tetrapyrrolic porphyrins
and chlorins, phthalocyanines (Pcs) and

naphthalocyanines (Ncs) generally exhibit longer
absorption wavelengths and higher extinction coeffi-
cients (typically on the order of 105/M/cm) in the
near infrared (NIR) region.1 Pcs have an additional
benzene ring fused to each of the four pyrrolic subu-
nits (Figure 1(a) and (b)) which causes more electron
delocalization and increases absorption at longer
wavelengths. The four pyrroles comprise a macrocy-
cle well suited to form coordination complexes with
a variety of metals chelated in the center. Pcs have
been widely used in the areas of laser printer, record-
able compact disks, nonlinear optical materials,
industrial catalysts, and photosensitizers in
phototherapy.2–5 Ncs have two additional

cyclohexadiene rings on each pyrrole group (Figure 1
(c)). Ncs generally absorb even longer wavelengths
than Pcs, making them, in theory, well suited for
optical applications in deep tissue biological tissues.
However, with proper quantum design Pcs also can
have long wavelength absorption peaks beyond
1000 nm.6 Like Pcs, it is also feasible to chelate
metals in the center of Ncs. Nc-based dyes have been
used as photosensitizers in energy harvesting studies.7

Upon illumination, photosensitizers are excited by a
photon transition between the ground state and a
singlet excited state, and can ultimately culminate
with conversion of oxygen to reactive oxygen species
(ROS) as shown in Figure 1(d). In the ground state
(S0), electrons are in the lowest energy orbitals. Upon
absorption of light with appropriate energy, electrons
in photosensitizers are shifted to an excited singlet
state and that is sectioned in different vibrational
levels with increasing energy. Electrons fall from
higher vibrational level to the lowest energy level of
that excited state via vibrational relaxation. From the
excited state, the molecule tends to return back to S0
after a short period. Excited molecules can return to
the ground state via photon emission or quenching
that comes with the generation of heat. Heat dissipa-
tion in this way is the basis for photothermal
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therapies. If the molecule does not rapidly return to
the ground state, it may move from the singlet state
to triplet state via intersystem crossing, enabling
phosphorescence or reactive oxygen sensitization.8

Organic dyes play a central role in biomedical
imaging due to their versatile photophysical proper-
ties and availability for large-scale synthesis. Organic
dyes are feasible to conjugate with various specific
biomolecules for a wide variety of assays. Compared
to inorganic photonic nanoparticles, small molecule
dyes can be more reproducibly generated and charac-
terized, which has advantages from a regulatory per-
spective. Pcs and Ncs are promising due to their long
wavelength absorption of light, which enables deeper
tissue penetration. However, their application has
probably been limited by their poor water solubility
and tendency to aggregate. Consequently, once irra-
diated with NIR light, the aggregated molecules dissi-
pate heat and applications such as fluorescence
imaging or ROS production can be diminished. On
the other hand, aggregated and fluorescently
quenched properties are not problematic for generat-
ing thermal expansion waves for photoacoustic ima-
ging or photothermal therapy.9,10 Regardless of
photophysical properties, injectable Pc and Ncs
require solubilization to avoid very large aggregates,
which would cause adverse injection reactions.11 To
overcome the poor water solubility, many

solubilization strategies have been developed includ-
ing using nanocarriers and chemical modifications.

Several Pc formulations have reached clinical
testing.12 Water soluble sulfonated AlPc (trade name:
Photosens) can be directly dissolved in water and has
been explored in multiple types of cancer photo treat-
ments including skin, breast, lung oropharyngeal, lar-
ynx, neck, larynx and cervical cancers. For the
treatment of carcinoma of the upper aerodigestive
tract, ZnPc was encapsulated in liposomes made of
POPC (palmitoyl-oleoyl-phosphatidylcholine) and
DOPS (dioleoyl phosphatidylserine). A di-sulfonic-
di-phthalimidomethyl ZnPc-based Cremophor EL
formulation was also tested in phase I clinical trials
for the treatment of skin or esophageal cancer.
Silicon-based Pc formulations dissolved in propylene
glycol (for topical administration) or in Cremophor
EL (for intravenous administration) together with
ethanol and reached clinical testing for various skin
diseases and cancers. Copper Pcs can be used as blue
pigment for tattoo inks; however, it has been shown
that laser removal might induce toxicity due to the
formation of decomposition products upon laser irra-
diation.13 Moving forward, more testing will be use-
ful to better understand the toxicity profile of Pcs
and Ncs. In this review, we summarize emerging
applications of Pcs and Ncs for theranostic use with
a particular emphasis on nanosystems.
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FIGURE 1 | Chemical structure of (a) porphyrins (b) phthalocyanines, and (c) naphthalocyanines. (d) Simplified Jablonski diagram showing
some possible activated singlet oxygen deactivation pathways. PS and ROS represent photosensitizers and reactive oxygen species, respectively.
Green and red indicate ground and excited state photosensitizers, respectively.
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BIOIMAGING USING Pcs and Ncs

Biomedical imaging techniques can provide important
information and insight for early detection and diag-
nosis of diseases. Ncs and Pcs have been used as con-
trast agents in imaging modalities including magnetic
resonance imaging (MRI), fluorescence imaging, posi-
tron emission tomography (PET), photoacoustic ima-
ging and others. Combinations of these imaging
techniques have resulted in numerous studies on
higher-order, multimodalities using contrast agents
with multifunctional capabilities in one single nano-
particle.14 Photoacoustic tomography is an emerging
optical imaging technique with high resolution based
on photoacoustic effect and is useful for imaging che-
micals and drugs.15,16 Pcs and Ncs generally have
higher extinction coefficients than those of porphyr-
ins, hence they are expected to provide better contrast
for photoacoustic imaging. Pc- and Nc-based contrast
agents are also used for fluorescence imaging. Optical
fluorescence imaging offers the advantages of high
sensitivity, low cost and high speed but can be limited
by fluorescence quenching within Pcs and Ncs. Strate-
gies have been developed to restore the fluorescence
such as hydrophilic modifications. It was shown that
modified graphene nanosheets could be used to pre-
vent the aggregation of Pc and thereby enable fluores-
cence imaging guidance for phototherapy.17 PET has
been used as a clinical imaging tool for decades. MRI
and functional MRI, based on the nuclear spin and
resonance radiofrequency absorption in an external
magnetic field, can provide tissue-specific differences
and even metabolic activities due to the different
transverse and longitudinal relaxation rates for differ-
ent tissues. It has been shown that tetrapyrrole struc-
tures are able to chelate a diverse range of metals
including Mn, Fe, Cu, Ga, Gd, and others in the cen-
ter of the macrocycle18 and metal-chelated tetrapyr-
role photosensitizers have been used contrast agents
for PET and MRI imaging of tumors with a long his-
tory, dating back to 195219 and 1987,20 respectively.

Polymeric Nanoparticles and Micelles
for Bioimaging
Polymeric nanoparticles are advantageous with
respect to their chemically tunable size and modifiable
surface groups, resulting in applications in controlled
release and targeting. Recently, Nc-based biodegrada-
ble polymeric nanoparticles have been made for
in vivo fluorescence imaging and photothermal ther-
apy.21 The theranostic nanoparticles consist of silicon
naphthalocyanine (SiNc) as a contrast and therapeutic
agent and the copolymer poly (ethylene glycol)-block-

poly caprolactone (PEG-PCL) (Figure 2(a)) as the dye
carrier. Indocyanine green (ICG), a clinically used
NIR dye, has also been considered for promising ther-
anostic nanoplatforms22,23 but on the other hand,
exhibits poor photostability and the fluorescence sig-
nal might disappear during imaging-guided process
due to photodegradation of the dye.24 It was shown
that the Nc polymeric nanoparticles have superior sta-
bility under extensive light irradiation.21 SiNc poly-
meric nanoparticles also have improved long-term
colloidal stability in addition to photostability.25 Sili-
con 2,3-naphthalocyanine bis (trihexylsilyloxide)
(NIR 775) was co-encapsulated with 2,3-bis (4-
(phenyl (4-(1,2,2-triphenylvinyl)phenylamino)phenyl)
fumaronitrile (TPETPAFN) into the matrix of 1,2
distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol)-2000] (DSPE-
PEG2000, Figure 2(b)). Owing to spectral overlap of
the emission of TPETPAFN and absorption of NIR
775, the fluorescent nanoparticles exhibited a 47-fold
enhancement of emission intensity of NIR 775 upon
excitation of TPETPAFN at 510 nm compared to
direct excitation of NIR 775. This system, based on
Forster resonance energy transfer (FRET), showed
good photostability and low cytotoxicity. Further
research demonstrated similar properties in other
studies.26 Silicon 2,3-naphthalocyanine bis (trihexysi-
lyloxide) (SiNc) dye doped in a matrix polymer poly
[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyleneviny-
lene] (MEH-PPV, Figure 2(c)) was encapsulated in
amphiphilic polymer, polystyrene-graft-ethylene
oxide functionalized with carboxyl groups (PS-PEG-
COOH, Figure 2(d)). To avoid the self-quenching
effects and to optimize the FRET efficiency, the ratio
of SiNc to MEH-PPV matrix was adjusted around
1%. This FRET system also enables the excitons to
migrate along the polymer chain over long distances,
and such amplified FRET process was also facilitated
by the large extinction coefficient of Nc dye. Further-
more, the stability during 9 months was demon-
strated, providing superior fluorescence contrast with
whole body animal tumor imaging. This is also in
agreement with previous result showing that the fluo-
rescence of Ncs can become quenched inside nanopar-
ticles.27 Compared to liposomes or other carriers, the
long-term safety and biocompatibility are possible
concerns for polymeric carriers even though they hold
potential for a range of chemical modifications.

Recently, a family of Pc and Nc Pluronic
micelles, termed nanonaps was developed based on
the hydrophobic interactions between extremely
hydrophobic Ncs and Pcs and the hydrophobic poly
(propylene oxide) block of Pluronic F127 (Figure 2
(e)).27 At low temperatures, the free and loose
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surfactant could be stripped and frozen micelles were
concentrated in solution with tremendously high cal-
culated NIR absorbance values (>1000) without
spectral shifting. Nanonaps were employed for intes-
tinal contrast imaging, as they safely passed through
the gastrointestinal tract without systematic absorp-
tion following oral administration. Noninvasive real-
time photoacoustic images of intestine were obtained
to visualize the nanonap distribution and intestine
function in mice with good resolution and low back-
ground. In addition, 64Cu was post-labeled in the
center of the Nc dye. Whole body PET imaging with
high resolution can be achieved by this sensitive and
clinically established imaging approach without any
limitation of penetration depth (Figure 3). These
nanoparticles were also used to demonstrate spec-
trally resolved imaging of lymphatic systems using
two-color, dual channel photoacoustic imaging.28

Liposomal Formulations for Bioimaging
Most Pcs or Ncs, characterized by the flat aromatic
macrocycle, are not soluble in water and liposomes
are another commonly used carrier system that has

been used to improve their solubility. Liposome cargo
can exchange with serum lipoproteins following sys-
temic administration. Because of receptor-mediated
transport mechanisms that enable low-density lipopro-
teins to bind to tumor cells,29 liposomes could facili-
tate targeting of photosensitizers efficiently in vivo
even at a low dose.30 Zinc phthalocyanine (ZnPc) was
loaded in unilamellar liposomes by a solvent exchange
method.31 After intravenous injection, the fluorescence
of the tumor and blood vessels increased and fluores-
cence of blood in circulation reached a plateau after
120 min. The increase was ascribed to the release of
the dye in circulation whereas the fluorescence in
tumor sites increased more slowly, which was
explained by the fact that ZnPc was taken up by lipo-
protein prior to accumulation by the tumor cells via
an active process. However, one potential problem of
Pc-based photosensitizers for fluorescence imaging
during PDT monitoring is photobleaching of photo-
sensitizers upon irradiation. Hydrophilic tetrasulfo-
nated aluminum phthalocyanine (AlPcS4) and
hydrophobic Zinc phthalocyanine (ZnPc) in liposomal
form were compared in a rat tumor model.32 Photo-
bleaching of ZnPc was observed both in vivo and
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FIGURE 2 | Chemical structures of some polymers used as Pc and Nc carriers. (a) Poly (ethylene glycol)-block-poly caprolactone (PEG-PCL).
(b) 1,2 distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]. (DSPE-PEG2000). (c) Poly [2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV). (d) Carboxyl polystyrene-graft-ethylene oxide, PS-PEG-COOH. (e) Pluronic block copolymer,
m = 100, n = 65 for Pluronic F127.
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in vitro. Presumably, the hydrophobic sensitizers
bound to cellular membrane structures such as lyso-
somes and mitochondria. By contrast, the hydrophilic
dyes accumulated inside extranuclear granules and the
dyes could be localized during PDT, revealing a gran-
ular fluorescence distribution. Similar observations
were also obtained from other studies on meso-tetra
(4-sulfonatophenyl) porphyrin (TPPS4),

33 Nile blue,34

AlPcS4 and AlPcS2.
35

Surfactant-Dispersed Pcs and Ncs for
Bioimaging
Surfactants have also been used as Nc or Pc carriers
for bioimaging. Silicon 2,3-naphthalocyanine bi

(trihexylsiyloxide) (SiNc) was investigated in vitro
and in vivo for photoacoustic imaging.36 SiNc was
solubilized in 10% Cremophor EL, along with 1%
1,2-propanediol and 1% dimethylformamide in
saline by sonication and ICG was used as a control.
The Cremophor formulation was shown to have bet-
ter photostability than ICG. The SiNc Cremophor
emulsion was intravenously injected to mice bearing
HT 29 tumors. After injection of SiNc, a gradual
accumulation of contrast agent in the tumor could be
observed with increasing photoacoustic signal
(Figure 4).

Recently, a phosphorus Pc dye with its main
absorption band beyond 1000 nm was examined for
photoacoustic imaging.37 The dye was dispersed in
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TWEEN surfactant and could be imaged beyond
10 cm in chicken breast phantoms and through a
5 cm arm of a human volunteer. These results under-
score the potential of Pcs and Ncs for deep tissue
imaging.

Hydrophilic Modifications of Pcs and Ncs
for Bioimaging
Nanoparticle based contrast agents have many merits
including accumulation in tumors either by active
targeting or by the enhanced permeability and reten-
tion effect.38 However, many water-soluble Pcs or
Ncs have been designed and used as contrast agents
for imaging as they are more convenient to handle
without concerns or limitations of preparation tech-
niques and uniformity control. Water-soluble Pc or
Ncs have been synthesized for imaging applications.
One study compared different hydrophilic Pcs:
phthalocyanine tetrasulfonic acid (PcS4), Zn
(II) phthalocyanine tetrasulfonic acid (ZnPcS4), and
Al (III) phthalocyanine chloride tetrasulfonic acid
(AlPcS4) as contrast agents for photoacoustic
images,39 showing that optical contrast in tumors
was greatly enhanced by PcS4 and ZnPcS4
(Figure 5).

Other hydrophilic Pc or Nc conjugates were
also designed including saccharide-based conjugates.
Hepatic asialoglycoprotein receptors are expressed

on hepatocyte membranes, making lactose and or
galactose a putative targeting molecules for liver
cancer.40 Lactose-substituted zinc phthalocyanine,
[2,9 (10), 16 (17), 23 (24)-tetrakis ((1- β-D-lactose-
2-yl)-1H-1,2,3-triazol-4-yl) methoxyl)phthalocyani-
nato]zinc(II) was synthesized via click chemistry.41

After conjugation of lactose, the water solubility
and cell specificity were enhanced. Real-time NIR
fluorescence imaging was performed with tumor-
bearing athymic nude mice after 12 h post tail vein
injection. As shown in Figure 6(a), a significant fluo-
rescence increase was detected at the tumor site due
to the targeting of lactose-substituted Pc. Ex vivo
experiments also consistently showed fluorescence
was mainly distributed in the liver, tumor, and kid-
ney (Figure 6(b)).

Many MRI contrast agents are gadolinium-
based complexes, and large doses are usually
required to provide sufficient contrast enhance-
ment.42 Hydrophilic MRI contrast agents based on
Gd or Mn derivatives of tetrapyrroles have been
developed.43 Sulfonated Pcs proved to show good
tumor localization although the mechanism of selec-
tivity was not definite, but could be due to the sulfate
functional groups,44 Saini et al. synthesized tetraso-
dium salt of manganese tetra sulfo phthalocyanine
(MnPcS4) and used this as a MRI contrast agent in a
mouse model of cancer.43 Molar relaxivity of
MnPcS4 could reach 10.1 (mMS)−1, two times greater
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FIGURE 4 | Photoacoustic images of a mouse bearing a HT29 tumor before and after intravascular injection of SiNc. Greyscale background is
overlaid with the signal from SiNc (hot scale). (a) Pre-injection image, indicating tumor (dashed white circle) and surrounding blood vessels (BV,
dotted red circles), overlaid with deoxygenated (blue scale) and oxygenated (red scale) hemoglobin signal. (b–f ) Images acquired after 5 (B),
15 (C), 30 (D), 45 (E), 60 (F) minutes after intravenous injection of SiNc in a tumor-bearing animal. (Reprinted with permission from Ref 36
Copyright 2015 Society of Nuclear Medicine and Molecular Imaging)
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than that of Gd-DTPA. Following intravenous
administration of the dye, tumor-to-muscle MnPcS4
ratio was calculated to be 9.2 :1, demonstrating pref-
erential accumulation of MnPcS4 in the tumor and
MRI contrast enhancement was clearly observed.
Also, 64Cu has been chelated to sulfonated Pcs for
PET studies in a tumor-bearing rat model; although
one study showed that PET signals was mostly
detected from kidneys (20%ID/g) and liver (12%ID/

g) and further work was required to better demark
the tumor (0.2% ID/g).45

PHOTOTHERAPY USING Pcs AND Ncs

Pcs and Ncs have been used as photosensitizers for
PDT applications. Three fundamental elements of
PDT include oxygen, photosensitizers and light
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FIGURE 6 | Optical imaging (a) in vivo and (b) fluorescence dissected of dissected organs with lactose substituted Zinc Pc. Liver cancer
bearing mice injected with 200 μL of 2 × 10−4 mol/L: excitation 625 nm, emission 700 nm. (Reprinted with permission from Ref 41 Copyright
2013 ScienceDirect)
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delivery of an appropriate wavelength.46 Upon irra-
diation, generated ROS can induce direct toxicity on
cells leading to necrosis or apoptosis, result in throm-
bosis and hemorrhages by vascular damage, further
induce acute inflammation with anti-tumor immu-
nity. Generally, the ROS can also cause damage to
the plasma membrane, mitochondria, Golgi appa-
ratus, lysosomes, and others.47 Photochemical inter-
nalization is an alternative PDT approach for the
specific cytosolic release of molecules such as DNA
or toxins, viruses, peptide nucleic acids from endocy-
tic vesicles via the breakdown of the endosomal/lyso-
somal membranes.48,49 Besides these, the
photothermal effect of Pcs/Ncs has been utilized for
cancer hyperthermia, or photothermal therapy
(PTT). At elevated temperatures the light-treated
location will be damaged by heat, leading to the
denaturation of proteins, disruption of the membrane
and ablation of tumor. Selective PTT can be achieved
by local laser treatment and targeting of Pcs or Ncs
to diseased sites.10 Some composite nanoparticles
were also designed for a combination of PDT and
PTT.50 For example, to achieve combined PTT and
PDT, nanoparticles are required to have strong
absorbance in NIR region and exhibit both photo-
thermal and singlet oxygen conversion efficiency.

Hollow silica nanoparticles (HSNs) were designed
made by tetraethoxysilane as a silica source and
Pluronic as a template, followed by calcination and
removal of template.51 Then Pc was loaded in HSNs,
resulting in composite nanoparticles (Pc@HSNs) that
could induce the dual effects of PDT and PTT. As
shown in Figure 7, when treated with both Pc@HSNs
and laser, the tumors of mice that had S180 murine
sarcomas shrank significantly and were eradicated
eventually after 5 days with a survival of at least
45 days whereas mice in control group treated with
saline, with Pc@HSNs alone or laser alone did not
show much anti-tumor effect.

Many Pc- and Nc-based nanoformulations have
been developed to solve the hydrophobicity problem
including liposomes, polymer conjugates, polymeric
micelles, surfactants and others, which will be dis-
cussed briefly below.

Liposomal Pcs and Ncs for Therapy
Liposomes are promising carriers of various cargos
including photosensitizers. A liposome formulation
for Pc and gold conjugates has been reported.52 This
hybrid conjugate was achieved by thiol tether, then
the liposome was prepared with egg yolk lecithin.
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The liposome allowed greater uptake and selective
accumulation of the photosensitizer in tumor cells,
resulting in successful PDT treatment. In addition,
liposome formulations are tunable by changing the
composition or adding additives such as cholesterol,
cardiolipin, glucuronic acid, and PEG.53 The pres-
ence of cholesterol has been found to drastically help
stabilize the size of unilamellar liposome from
1000 to about 100 nm,54 enhancing the stability of
the delivery system, and facilitating the photody-
namic activation of photosensitizers.47 Liposomal
formulations were incubated with different cell lines
at different concentrations. Control cells were incu-
bated with liposomes with neither ZnPc nor light
and in a second group cells were incubated with lipo-
somal ZnPc but without cholesterol. In most of these
cell lines, no significant toxicity was observed. In
contrast, photodynamic activity was observed when
different human tumor cell lines were incubated with
liposomal ZnPc or free ZnPc that included choles-
terol. Liposomal photosensitizers have been reported
to have advantages over photosensitizer conjugates.55

In this study, to improve the selectivity of PDT, mon-
oclonal antibodies and aluminum Pc (AlSPc) were
used for the PDT-targeted treatment of human blad-
der tumor. Two methods were used for targeting;
one of them was direct conjugation of antibodies to
Pc, and the other was Pc-encapsulated in liposomes
conjugated to antibodies. At the same dose of anti-
body, the liposomal form showed higher phototoxi-
city by up to 13-fold.

Pc- and Nc-based Polymeric Nanoparticles
and Micelles for Therapy
Biodegradable and biocompatible polymer-based nan-
otechnology has been used to solubilize hydrophobic
Ncs and Pcs. The colloidal carriers including micro/
nanospheres, polymer-drug conjugates, and polymeric
micelles, are used for delivery of cargos to protect
them against degradation, excretion, or side effects. In
1984, Ringsdorf first proposed using polymeric
micelles as drug carrier56 and then polymeric micelles
have been emerging as a frequently used carrier
systems.57–60 Leroux et al. studied randomly and ter-
minally alkylated N-isopropylacryl-amide (NIPAM)
copolymers loaded with aluminum chloride Pcs
(AlClPc). The photosensitizer was loaded by a solvent
exchange method; that is, photosensitizer and copoly-
mer were first solubilized in N, N-dimethylformamide
and then dialyzed against water for 24 h. PDT treat-
ment was performed and cures were achieved in many
of the mice that received a 0.05 μmol/kg dose.61,62

Poly (lactic-co-glycolic acid) (PLGA), which has been

approved by FDA and used as a suture material for
many years has emerged as a common polymer for
pharmaceutical use. It was used to encapsulate hydro-
phobic Zinc Pc by solvent emulsion evaporation
method with a yield and encapsulation efficiency of
80 and 70%, respectively.63 The ZnPc-loaded PLGA
nanoparticles were evaluated by incubation with
P388-D1 cells for 6 h followed by treatment with red
light with a wavelength of 675 nm. After 24 h, 61%
cellular death was induced; showing the PDT poten-
tial of PLGA-based nanoparticles.

Pc and Nc Surfactant Formulations for
Therapeutic Use
Surfactants are a common delivery vehicle to
address the poor solubility of hydrophobic Pcs and
Ncs. Among numerous surfactants, Cremophor EL
is one of the most common biocompatible surfac-
tants used for the solubilization process. For exam-
ple, it has been used to solubilize Zn (II)-Pc-disulfide
(C11Pc). C11Pc was first conjugated to gold nano-
particles via a thiol tether. A stated advantage of the
conjugate was that singlet oxygen does not have to
diffuse out of the particles given its structure of
encapsulated photosensitizer at the surface.64 Axially
substituted octabutoxy Pc compounds were dis-
solved in Cremophor by sonication prior to assess-
ment of biodistribution and phototherapeutic
efficacy with 740 nm laser excitation.65 However,
ongoing research involves the replacement of
organic solvent as well as the Cremophor or Tween
with other less toxic solubilizers, considering they
might induce negative side effects such as hypersen-
sitivity and neurotoxicity.66,67

Hydrophilic Modifications of Pcs and Ncs
for Therapy
Another strategy to improve the solubility of Pc or
Nc dyes is to introduce hydrophilic substituents on
the periphery of the macrocycle or at the central
metal to enable easier solvation.68 Hydrophilic Pcs
can be directly injected into the bloodstream and a
number of water soluble tetra- and octa-substituted
Pc have been reported. Hydrophilic moieties incorpo-
rated on the peripheral macrocycle rings include
sulfonates,69 carboxylates,70 phosphonates,71 and
quaternarized amino groups.72 Also, hydrophilic
group as axial ligands could be coordinated to the
central metal ion of Pcs to improve the solubility.73,74

Peripheral and axial substitution of Pc with solketal
groups have been compared.75 The solketal groups
substituted Pc dyes in this work were synthesized
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from basic chemicals, that is catechol and phthaloni-
trile. Soketal groups were introduced flexibly before
or after the formation of Pc from the basic reactants.
It was shown that axially substituted Silicon
(Solketal)8 Pc exhibited less tendency to aggregation
and more photocytotoxicity than those of peripher-
ally substituted Zinc (Solketal)8 Pc, likely due to the
prevention of Pc stacking. 2,4, dinitrobenzenesulfo-
nate has been conjugated to zinc Pc.76 The obtained
activatable photosensitizer was demonstrated as a
promising fluorescence probe and effective PDT
treatment agent. Monoclonal antibodies were conju-
gated to amino reactive Pc, targeting epidermal
growth factor receptors.77 Conventional photody-
namic therapy is based on accumulation of photosen-
sitizers in tumors, but still can lead to damage to
normal tissues due to the poor selectivity of photo-
sensitizer. By contrast, photoimmunotherapy is effec-
tive when conjugates bind to target cell membranes,
improving the specificity. Moreover, the fluorescence
of the conjugate can be used to image, monitor, and
guide the tumor therapy process. For better solubility
and additional functionalities such as improved tar-
geting or enhanced internalization, peptide78 or
amino groups79 have been also exploited to conju-
gate Pcs for theranostic application. Arginine-glycine-
aspartic acid is a recognition motif of many ligands
such as collagen, prothrombin, fibronectin, and vitro-
nectin; Bombesin (BBN) has affinity for gastrin
releasing peptide acceptors and a number of tumors
overexpress receptors to BBN.80 These two peptides
were recently investigated for targeting Zinc Pc
(ZnPc).78 Particularly, ZnPc-BBN conjugates showed
dual roles as both a fluorescence imaging agent and
targeting PDT agent.

Other Formulations for Therapy
Dendrimer phthalocyanine (DPc) has been used as a
photosensitizer. With ionic poly (benzyl ether), with
a photosensitizer unit in the core, polymer dendri-
mers could be conjugated in the peripheral forming
branching structures. Generally, compared to linear
polymers, dendrimers can be modified with rich sur-
face functionalities; the charged surface of dendrimer
has interaction with oppositely charged block copoly-
mer via electrostatic interactions, resulting in the for-
mation of supramolecular polyion complex micelle.81

Dendrimer Ncs have also been developed.82 Conven-
tional photosensitizers have drawbacks such as
aggregation driven by π-π stacking or hydrophobic
interactions, inhibiting the ROS formation and
encapsulation of photosensitizer into nanocarriers.
But dendrimer photosensitizers exhibit effective ROS

production, high photocytotoxicity against cancer
cells, showing its great potential for PDT. Kataoka
et al. developed a novel class of dendrimer Pc (DPc)-
loaded poly ethylene glycol-poly L-lysine block
copolymer (PEG-PLL) polymeric micelles (DPc/m)
with photofrin (polyhematoporphyrin ester, PHE) as
a control.83 DPc/m exhibited 78 folds higher photo-
cytotoxicity than free DPc in vitro. Upon light radia-
tion, only DPc/m accumulated in the mitochondria
and generated ROS whereas DPc did not show ROS
generation in the mitochondria. DPc/m also showed
improved antitumor activity in vivo compared to
PHE even if the dose of DPc/m was 7.3-fold lower
than that of PHE. In addition, in the group of PHE
treated mice, skin and liver were severely damaged
after irradiation of white light, but in the DPc/m-
treated group, no such side effects were observed
(Figure 8). Also, dendrimer-encapsulated SiNc single
agent nanoparticles were developed for both NIR
fluorescence imaging and anticancer phototherapy.82

Cyclodextrins (CDs), also named cycloamy-
loses, are a family of cyclic oligosaccharides made up
of sugar molecules bound together in a ring. Com-
mon natural cyclodextrins include α-CDs, β-CDs,
γ-CDs. These non-toxic molecules can greatly
improve the amphiphilicity, biocompatibility, and
bioavailability of photosensitizers.84 Pc-CD conju-
gates via post modification of PcF16 by nucleophilic
substitution of two fluorine atoms of PcF16 were
made and the photo activities of such conjugates
made them great PDT drugs against UM-UC-3
human bladder cancer cells.85 Another conjugation
form is, instead of conjugation on the peripheral of
rings of photosensitizer, the conjugation of the dex-
trin on the axial position. β-CDs were used as axial
substituents on silicon (IV) Pcs and it was shown that
the conjugates were highly photocytotoxic with IC50

value of 21 nM, which was about seven-fold lower
than similar analogues and tumor treatment efficacy
was demonstrated (Figure 9).86 In order to improve
drug loading efficiency, multiple Pc dyes were also
encapsulated non-covalently into one dendrimer.
Recently, dendrimer-based theranostic agents were
designed to encapsulate Pcs dyes and in order to
improve the biocompatibility and tumor targeting,
with poly (ethylene glycol) (PEG) and luteinizing
hormone-releasing hormone (LHRH) conjugated to
the nanocarrier.87 The methyl 4-chloro-4-
oxobytyrate (mob) substituted Silica-chelated Pc,
PcSi-OH(mob) associated with the nonpolar core of
the dendrimer, exhibited NIR absorption at 700 nm
and fluorescence emission, which enabled the dual
roles of nanoplatform, PDT and florescence imaging.
The LHRH-targeted nanoparticles also showed low
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cytotoxicity with IC50 value of 28 μg/mL. As galac-
tose molecules can be recognized by receptors
overexpressed in cancer cells, another form of

galactodendritic Pc was also developed as targeting
therapeutic agent for PDT treatment of bladder
cancer.88
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Other carriers have also been used to with Pcs
and Ncs. Carbon nanotubes have provided some
interesting results.89 Yet, more studies must be done
to solve several potential challenges such as biocom-
patibility of this kind of carbon nanomaterial. In
addition, low-density lipoprotein and high-density
lipoprotein have been explored as Pc and Nc
carriers.9,90–92

CONCLUSIONS

In summary, Pcs and Ncs have unique properties
enabling them to be used for biological imaging and
therapy. This review highlighted some selected recent
developments of Pc- and Nc-based nanoscale formu-
lations that exhibited utility in imaging biological tis-
sues or in phototherapies. Different types of

nanoparticles have been designed to deliver these
molecules by targeting approaches or by passive
effect. A wide range of chemical substituents can be
readily conjugated to the skeleton of Pcs or Ncs
peripherally or via central metal chelation.

Although Pcs and Ncs have been used for mul-
tiple imaging modalities, their true strength perhaps
lies in their stability and high extinction coefficients
in the NIR. Therefore, as optical imaging techniques
such as PAT gain momentum, there is opportunity
for Pcs and Ncs to be used as ideal agents for these
techniques. Future challenges include finding unmet
clinical needs that can be addressed with NIR optical
imaging and phototherapy, and also establishing tox-
icity profiles. Pcs and Ncs are being increasingly used
as new tools in the rapid developing field of
theranostics.
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