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1. Introduction

Phototherapy is a form of medical treatment in which light is
used to treat diseases such as cancers and peripheral infections
to normalize the body and relieve the depression. Photother-
mal therapy (PTT) and photodynamic therapy (PDT) are the two
kinds of phototherapy used for the treatment of diseases so far.
In PTT, a photothermal (PT) agent is employed for the selec-
tive local heating for healing abnormal cells or tissues; whereas,
in PDT, the treatment occurs through a series of photochemi-
cal reactions triggered by photoactivated molecules or materials
called photosensitizer (PS) drugs. In recent past, nanomaterials
are used in different aspects of cancer management in terms of
nanomedicine. On the basis of the growing applications of nano-
materials in PDT and PPT of cancer, in this review, we mainly focus
on the different formulations of nanomaterials suitable for PTT and
PDT.

1.1. Photothermal therapy

Thermal treatment of cancerous cells by applying the local heat-
ing to 70°C and general hyperthermia (heating to 41-47°C) is
known since 18th century [1]. During the local heating or hyper-
thermia, cells undergo irreversible damage due to the denaturation
of proteins and the disruption of the cell membrane. But these
thermal treatments damage the healthy tissues as well. More
recently, incorporation of laser radiation treatment in thermal can-
cer therapy opened up a PT method for the selective treatment
of cancers. As a result, laser radiation with fiber-optic waveguides
finds growing applications in cancer therapy, which is called laser
hyperthermia [2]. The main drawback of the laser treatment is
the requirement of high-power lasers for the effective stimula-
tion of the tumor cell death [3]. Meanwhile PTT was proposed,
in which a PT agent helps the selective heating at the local envi-
ronment [4]. Basic requirements of PTT are a biocompatible PT
agent with large absorption coefficient in the NIR regions and an
NIR light source. Thus, surface-modified nanomaterials of carbon,
metals, and semiconductors with NIR absorption can be ideal PT
agents. The percentage increase in the temperature during PTT
strongly depends on the NIR absorption wavelength and the coef-
ficient as well as the power of the excitation light [5]. [llumination
of nanomaterials with NIR laser results in an increase in the tem-
perature of the medium, which reaches a maximum value when
the NIR absorption maximum coincides with the laser wavelength
(Fig. 1).

1.2. Photodynamic therapy

The basic principle underlying PDT of cancers is a chain of pho-
tochemical reactions triggered by a photoactivated PS drug. During
the irradiation of a PS drug at a suitable wavelength, it will be acti-
vated to the excited singlet (S1) and subsequently to the triplet
(T1) state via intersystem crossing. The lifetime of the Ty state is
longer than that of S, which facilitates the extended interactions
of the PS drug in the Ty states with the surrounding molecules
[6]. Two types of mechanisms, Type I and Type II, are known for
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Fig. 1. (A) Experimental (symbols) and calculated (solid line) temperature traces of
Au nanorods with different longitudinal plasmon bands, and (B) dependence of the
end temperature on the NIR longitudinal plasmon wavelength of the nanorods.

Adapted with permission from [5]; Wiley-VCH Verlag GmbH & Co. KGaA.

such interactions at the T; state [7]. Type I mechanism involves
either the abstraction of a hydrogen atom, or the transfer of an
electron between the excited PS and the substrate, which can be
a solvent/biomolecule or another PS resulting in the formation
of free radicals. Type Il mechanism involves the energy transfer
between a photoactivated PS and molecular oxygen in the ground
state, also called triplet oxygen (30,). This energy transfer will
result in the formation of a chain of reactive oxygen intermediates
(ROI) such as singlet oxygen (10,), superoxide, hydrogen perox-
ide, and hydroxyl radical. Such photophysical and photochemical
processes involved in PDT are shown in Fig. 2. The ROI, due to
their short lifetime, immediately react with vital biomolecules,
causing the selective damage of tumor cells [8]. The destruction
of biomolecules is limited to the size of the diffusion sphere of
ROI, which is less than 0.1 wm in the case of 10, [9]. Hence the
localization of PS is crucial for the targeted as well as efficient PDT
[10].

2. Nanomaterials in photothermal therapy

Noble metal nanostructures are promising candidates in var-
ious aspects of chemistry, physics and biology owing to their

unique properties such as large optical field enhancements due to
the strong scattering and absorption of light. The optical and PT
enhancements of metallic NPs arise from the unique interaction
of nanoparticles (NPs) with light. When illuminated, the valance
electrons of the metal NPs undergo a collective coherent oscilla-
tion with respect to the lattice [11-15]. According to Mie Theory
[16], this oscillation is resonant at a particular frequency of electro-
magnetic field of light, and this phenomenon is known as localized
surface plasmon resonance (LSPR). This resonance lies in the visible
to NIR region for gold and silver NPs. The LSPR wavelength of metal
NPs strongly depends on the size, shape, inter-particle distance, the
type of the metal, and the local dielectric constant [12,13,17,18]. For
example, gold and silver nanospheres in the 10 nm regime have
strong absorption ca 520 nm and ca 390 nm in water [13]. But with
increase in the dimension of the nanoshperes, the LSPR will show a
red-shift due to the electromagnetic delay in larger particles. Also,
the position of the plasmon band varies from spherical to non-
spherical nanomaterials (rod, prism, triangle, tetrapod, cube, shell,
etc.). In the case of elongated particles, two surface plasmon bands
are involved, one along the longitudinal direction and the other
along the transverse direction [19-21]. El-Sayed and co-workers
have shown that the position of the longitudinal surface plasmon
band varies with the aspect ratio (length-to-width ratio) of gold
nanorods (GNRs) [16]. When the aspect ratio of the GNR increases,
the longitudinal LSPR band red-shifts from the visible to the NIR
region (Fig. 3) with progressive increase in the oscillator strength
[20,21].

Another way to tune the LSPR is by using a metal nanoshell on
the surface of silica NPs [18]. LSPR of gold shell on silica core red-
shifts from the visible to NIR region with decrease in the shell thick-
ness due to the enhanced coupling between the inner and outer
surface plasmons of the shells [22,23]. The strong enhancement in
the absorption of metal NPs results in the localized PT effect under
laser illumination, which finds applications in cancer phototherapy.
Microscopic images of different plasmonic NPs with tunable LSPR
are given in Fig. 4. These include GNRs [24], Au mesoflowers [25],
Ag nanocubes [26,27], Ag nanowires [28], Au nanooctahedra [29],
Au-Ag nanoboxes [30], Ag/Au nanotubes [28], Au nanocages [30],
Aunanoframes [31], and Au nanostars [32]. Despite this large varia-
tions in the morphology, nanomaterials used for PTT (Fig. 4) include
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Fig. 2. Photophysical and photochemical processes involved in PDT.
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Fig. 3. (A-F) Time-dependent TEM images and (G) UV-vis absorption spectra of GNRs with different aspect ratios.

Adapted with permission from [5]; Wiley-VCH Verlag GmbH & Co. KGaA.

GNRs, GNPs, core-shell NPs [33], gold nanoshells (GNS), multiple
twinned NPs, gold nanocubes, gold nanocages, silver triangles [34],
carbon nanotubes [35] (CNT), and graphene oxide (GO) [36].

2.1. Gold nanorods (GNRs)

Among the plasmonic nanostructures, GNRs are widely used for
both imaging and PTT of cancer cells and tissues due their strong
absorption and scattering in the NIR region (650-900 nm). GNRs
are elongated NPs with one transverse and one tunable longitu-
dinal surface plasmon bands. GNRs are synthesized by the seed
mediated method [37,38] in the presence of cetyltrimethylammo-
nium bromide (CTAB). In this method, small single crystal gold
seeds prepared by the sodium borohydride reduction of chloroau-
ric acid in the presence of CTAB are aliquoted into an Au(1)
growth solution prepared by the mild reduction of chloroauric
acid using ascorbic acid in the presence of AgNO3 and CTAB. By
changing the seed to gold salt ratio or the relative concentrations
of the added impurities such as silver ions, one can control the

aspect ratio of the GNRs. In GNRs, the cationic surfactant (CTAB)
forms a bilayer with charged head groups facing outwards [39].
The clinical applications of the as-prepared GNRs are limited due
to the cytotoxicity caused by CTAB. To reduce the cytotoxicity
caused by CTAB, surface of the GNRs are modified by the coating
of a variety of less toxic molecules such as phosphatidylcholine
[40], poly(4-styrenesulfonic acid) [41], polyethylene glycol (PEG)
[42,43], thiolated polyamidoamine (PAMAM) dendrimers [44] or
transferrin [45]. GNRs are also coated using functional nanocarriers
such as Pluronic F 68 [46], polylactic acid (PLA) [47], chitosan [48]
or poly(acrylic acid) (PAA) [49] in order to reduce the toxicity due
to CTAB. Here a suspension of GNRs and the functional nanocarrier
is incubated at 4°C for 12 h. For targeted delivery and PTT, the sur-
face of the GNRs are then conjugated with different biomolecules
such as anti-epidermal growth factor receptor (anti-EGFR) anti-
bodies [16], aptamers which are single stranded oligonucleotides
that can specifically bind to targeted proteins or peptides [50],
arginine-glycine-aspartic acid (RGD) peptides [44], metallopro-
tease matrix [51], or Herceptin [52].

Fig. 4. Various plasmonic nanostructures with absorption in the NIR region. (A) Au nanorods, (B and C) Ag nanocubes, (D) Au mesoflowers, (E) Au nanooctahedra, (F) Au
nanoframes, (G) Au nanocages, (H) Au-Ag nanoboxes, (I) Au nanostars, (J, K) Ag/Au nanotubes, (L) silica-Au core-shell NPs, (M) Ag nanotriangles, (N) single walled carbon

nanotube (SWCNT), and (O) graphene oxide.

Adapted with permissions from the American Chemical Society [24,29,30,32,35,36]; Springer [25,31]; Science [27]; Wiley-VCH Verlag GmbH & Co. KGaA [26,28,34]; and

Elsevier [33].
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El-Sayed and co-workers have demonstrated the use of GNRs to
be novel contrast agents for both molecular imaging and in vitro
PTT of cancer cells [16]. Here, anti-EGFR monoclonal antibody-
conjugated GNRs are incubated with nonmalignant epithelial cells
(Ha Cat) or malignant oral epithelial cells (HOC 313 clone 8 and
HSC 3). The anti-EGFR antibody-conjugated GNRs are specifically
and effectively bind to the surface of the malignant cells due their
overexpression of EGFR. The strong red-scattering from the GNRs
bound on the cell membrane is helpful for the discrimination of
the malignant cells from the normal cells under dark field imag-
ing (Fig. 5). Recently, Herceptin-conjugated Fe304-PEG-GNRs are
used for targeting, dual-imaging, and PTT of human breast can-
cer cells (SK-BR-3 cells) [52]. Irradiation of Fe304-PEG-GNRs with
785 nm NIR laser shows an average increase in the temperature by
ca20and 25°Cfor0.2 and 1.2 nM Fe30y4, respectively. The Herceptin
present in the Fe304-GNRs are bound to the HER-2 receptors on the
cell membrane, which results in the clustering of the receptors and
internalization of a large number of NPs. Irradiation of these cells
with 785 nm NIR laser results in the irreversible damage of cells.

El-Sayed and co-workers have demonstrated in vivo plasmonic
PTT (PPTT) treatment in deep tissue malignancies using GNRs and
a portable NIR laser [53]. In this treatment, PEG-GNRs are intra-
venously injected into the mice and subsequent PPTT shows an
inhibition of the average tumor growth over a period of 13 days
without having substantial damages to the surrounding tissues.
Tae and co-workers have demonstrated PTT in vivo using the GNRs
loaded Pluronic F 68 nanocarreirs [46]. Here, the GNRs loaded
Pluronic F 68 nanocarreirs are injected into nude mice bearing bilat-
eral SCC7 tumors. Irradiation of the tumors with 808 nm laser for
4 min 24 h after injection show significant suppression of the tumor
growth with relatively low concentration of GNRs (50 wgmL~1)
and low laser fluency (41.5W cm~2) compared to the conditions
in earlier reports. Yue and co-workers have demonstrated PTT
in vivo with contrast-enhanced ultrasound imaging using GNR
loaded polymeric microcapsules (GNRMCs) composed of PLA [47].
In this case, in vivo acoustic enhancement of PTT is demonstrated
in the kidneys of New Zealand white rabbits intravenously injected
with GNRMCs. An ultrasound image obtained a few seconds after
the injection shows an excellent enhancement in the signal from
the rabbit kidney, which confirms the ability of the GNRMCs to
achieve systemic contrast enhancement of transverse pulmonary
capillaries. Bhatia and co-workers have used Raman markers (IR-
792, DTTC-765 and DTDC-655) encoded GNRs for in vivo PTT and
surface enhanced Raman scattering (SERS) imaging [54]. To demon-
strate the concomitant PT effects and SERS imaging, three different
kinds of SERS-coded GNRs are separately injected at different places
in athymic mice implanted with bilateral human MDA-MB-435
tumor cells. Irradiation of the tumors using 810 nm diode laser
(2Wcm~2) results in the rapid heating beyond 75°C, while the
temperature in control mice injected with saline remained under
40°C. These PT effects are imaged using the infrared thermograpic
mapping techniques (Fig. 6).

The random orientation of GNRs in cells results in the minimal
absorption of light under linearly polarized excitation. Thus, the
efficiency of light absorption and PT using GNRs can be improved
by using circularly polarized laser beams. The effects of circularly
polarized light on PPTT treatment of cancer cells are demonstrated
using the transferrin-conjugated GNRs [45]. The number of scans
required for imaging of the cells incubated with transferrin-
conjugated GNRs is found to be less for circularly polarized laser
beam. Here the PTT using the circularly polarized femtosecond
light lowers the threshold of the damage energy by an order of
magnitude below the medical laser safety standards. Plasmonic
nanostructures; especially, GNRs require relatively high-power
laser irradiation in the 1 x 10°-1 x 10'9 W m~2 range for PPTT [32].
The high-power laser irradiation causes severe damage to the

Fig. 5. Light scattering images of cells treated with anti-EGFR/GNRs for 30 min at
room temperature (A) HaCaT nonmalignant cells, (B) HSC malignant cells, and (C)
HOC malignant cells.

Adapted with permission from [16]; the American Chemical Society.

surrounding healthy cells as well. But recent studies [50] using
aptamer-conjugated Au-Ag bimetallic NRs show that the stronger
absorption characteristics of these materials can reduce the laser
power required for PPTT (8.5 x 10* Wm~2). Here, cancer cells are
incubated with aptamer-conjugated GNRs and the cell-death is
determined using propidium iodide (PI), a non-fluorescent dye
impermeable to live cells, which on the other hand are delivered
in dead cells and becomes fluorescent (red) due to intercalation
with DNA. The lager absorption coefficient of Au-Ag NRs in the NIR
region compared to that of GNRs causes ca 93% decrease in the cell
viability.

2.2. Multiple-twinned gold nanoparticles (MTGNPs)

MTGNPs are gold NPs with multiple arms, which enhance
the absorption cross-section in the NIR window. The different
kinds of MTGNPs used for PTT include branched GNPs [55], gold
nanocrosses [56], and popcorn-shaped GNPs (PSGNPs) [57,58].
Branched GNPs are synthesized [59] by the electrochemical reduc-
tion of gold ions in presence of sodium citrate [60], followed by
replacing the citrate capping with maleimide-PEO-disulfide [61].
Gold nanocrosses with multiple arms are synthesized by the break-
age of face-centered-cubic lattice symmetry of gold through the
copper-induced twinning [56], whereas, PSGNPs are synthesized
by the two-step seed-mediated reduction method [62,63] similar to
that used during the preparation of GNRs [37,38]. The biomolecules
used for the surface modifications as well as the targeted delivery of
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MTGNPs include anti-HER2 nanobodies [50], which are the small-
est fully functional antigen binding fragments, monoclonal M3038
antibody [57], and aptamers [58,63,64]. Borghs and co-workers
have shown PTT using anti-HER2 nanobodies conjugated branched
GNPs in human ovarian epithelial carcinoma cells (SKOV3) using
690 nm laser (38 Wcm~2, 5min) [55]. Here, the cell viability calcu-
lated by live/dead cell staining using Calcein AM, a non-fluorescent
live-cell stain that becomes green fluorescent when hydrolyzed by
intracellular esterases, and PI shows effective PT ablation in the
presence of higher concentrations of branched GNPs. Han and co-
workers have demonstrated gold nanocross-induced PTT in A549
cells using 900 nm lasers at different intensities [56]. The progress
of the PT ablation process detected by following the two-photon
emission from the nanocrosses shows a substantial changes in the
shape and shrinkages in the size of the cells under 4.2 W cm—2
laser intensity and over a period of 30s. The antibody-conjugated
PSGNPs are also used for the selective degradation of MDR B
Salmonella typhimurium DT104 [57], a multiple drug resistant food
poison. The localized heating during the NIR irradiation (670 nm)
of contaminated food causes the rapid degradation of MDR B
[62]. More recently the SERS and PTT properties of multifunc-
tional PSGNPs are exploited during the diagnosis and treatment
of prostate cancer [58]. Here, the diagnostic tool is the significant
enhancement in the Raman signal of Rhodamine B (Rh6G) that
is conjugated to PSGNP through aptamers. Irradiation of prostate
cancer cells incubated with Rh6G functionalized PSGNPs results
in the permanent damage of the cells due to the localized heat-
ing offered by the plasmonic PSGNPs, which is higher than the PT
response by GNRs. Also, the aptamer-conjugated hybrid nanoma-
terials composed of PSGNPs and SWCNT are used for the diagnosis
and selective PTT of cancer cells [64]. Here, PSGNPs are attached to
the surface of SWCNT through the para-aminothiophenol moiety.

Here, the hybrid nanomaterials provide significant enhancement
in the Raman signal intensity for D and G bands of SWCNT by 3
orders of magnitude. By the combined PT effects offered by PSGNP
and SWCNT, local heating up to 60°C and efficient killing of can-
cer cells are achieved under 785 nm laser (1.5 W cm~2) excitation,
which is more significant than that offered by SWCNT alone. The
visualization of the PT effect of PSGNP by the NP surface-energy
transfer (SET) approach using dye-labeled RNA is reported recently
[62]. Here, the aptamer functionalized PSGNPs are hybridized with
Cy3-modified RNA (CTG GTC ATG GCG GGC ATT TAA TTC), which
is complementary to the aptamer extension sequence. Subsequent
excitation of Cy3 molecules results in the energy transfer from Cy3
to the NP surface, which is efficient due to the close-proximity
between the dye and the NP.

2.3. Nanocubes, nanocages and nanotriangles

Recently, gold nanocubes, gold nanocages and silver nano-
triangles are used for PTT. The gold nanocages with absorption
maximum ca 800 nm are synthesized by the galvanic replacement
reaction between HAuCl, and silver nanocubes [65]. Luminescent
gold nanocubes [66] are synthesized by the seed-mediated method
similar to the one developed for GNRs by El-Sayed and Murphy
[37,38]. Chitosan-Ag triangles [67] (Chit-AgNTs) are also prepared
by the seed-medicated method [68]. Here, the silver seed particles
prepared by the reduction of silver nitrate using sodium borohy-
dride in presence of trisodium citrate are aliquoted into a silver
growth solution prepared by the mild reduction of silver nitrate
using ascorbic acid in presence of chitosan. Xia and co-workers
[65] have demonstrated the PT effect of anti-HER2 conjugated gold
nanocages in breast cancer cells (Sk-BR-3). During the PTT, the
cells targeted with immuno gold nanocages responded to the laser
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Fig. 7. Detection of cell damage using PI in nanocube loaded cells. Here, the
fluorescence of PI is detected in the 580-640 nm channel. (A) Nanocube-loaded
human liver cancer cells (QGY) irradiated with 532 nm laser for 15 min (4 W cm—2).
(B) Nanocube-loaded QGY cells without irradiation. (C) Nanocube-loaded human
embryonic kidney cells (293T) irradiated with 532 nm laser for 15 min (4 W cm~2).
(D) Nanocube-loaded 293T cells without irradiation. Left, PI fluorescence images;
middle, DIC images; and right, merged images. Scale bars are 30 wm. Excitation
light source for fluorescence imaging is 488 nm laser.

Adapted with permission from [66]; the American Chemical Society.

irradiation immediately, which is helpful for controlling the cell
death by adjusting the laser power and irradiation time. PT abla-
tion studies of luminescent gold nanocubes [66] in human liver
cancer cells (QGY), and human embryonic kidney cells (293T) using
532 nm cw laser (4 W cm~2) show the complete cell death, which is
evaluated by the PI staining of the dead cells (Fig. 7). The PT effect
of gold nanocubes is essentially similar to that of GNRs [66]. PTT
using Chit-AgNTs shows efficient cell death compared to that by
GNRs [68], which is attributed to the highest thermal conductiv-
ity of silver (429 W m~1 k~1) and the triangular flat structure of the
NPs.

2.4. Gold nanoparticles (GNPs)

GNPs find their place in PTT since 2003 [69,70]. Pitsillides and co-
workers have first demonstrated the selective damage of cells using
20-30 nm diameter GNPs illuminated with 532 nm laser [71]. Soon
after, EI-Sayed and co-workers have demonstrated the PPTT of can-
cer cells using anti-EGFR antibody conjugated GNPs [1,11,53,72].
Subsequently, by targeting transferrin-conjugated GNPs to breast
cancer cells, the laser power required for PTT was reduced by two
orders of magnitude [72]. GNPs stabilized with pH sensitive lig-
ands are also used for PT ablation [73]. During the pH change, the
GNPs stabilized with pH sensitive ligands aggregate, which in turn
shifts the absorption band from the near-red to the far-red region.
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Fig. 8. (A) Structures of silica nanorattle (SN), (B) drug-loaded PEGylated-gold-
shelled SN, and (C-D) TEM images of SNs and gold seeds attached to SNs.

Adapted with permission from [79]; Wiley-VCH Verlag GmbH & Co. KGaA.

This shift in the absorption band to longer wavelength is useful for
PTT as it enables the effective excitation of the PT agent in vivo.
PTT combined with drug release using NPs was demonstrated later
using poly(lactic-co-glycolic acid)-gold half-shell NPs (PLGA) [74].
The drug doxorubicin is encapsulated within the biocompatible and
biodegradable PLGA NPs and finally a gold layer was deposited on
the surface of these NPs. During the NIR irradiation, doxorubicin
loaded in the PLGA is released rapidly due to the degradation of
PLGA. The PT treatment combined with the drug delivery improves
the therapeutic efficiency and shortens the treatment time. Simi-
larly, GNPs shelled with biocompatible PEGylated nanogel are used
for PTT [75], and indocyanine green (ICG)-labeled GNPs are used for
the combined PTT and PDT of cancer cells [76]. Here, the effective
interaction of the free electrons of metal NPs with the photoac-
tivated state of the fluorophores induces a dipole nature to the
system, which provides a relatively high photostability to the dye
molecules even at higher temperatures. Hence the combined PPT
and PDT using the dye-labeled GNPs is an efficient method for the
treatment of cancer.

2.5. Core-shell nanoparticles

Among a wide variety of plasmonic nanomaterials, gold-silica
nanoshells gained much attention in PTT due to their strong absorp-
tion or scattering in the NIR region [77]. Different core-shell NPs
used in PTT include gold shelled-silica NPs (GSNPs) [18], gold-
speckled silica NPs (GSSNPs) [78], gold-shelled silica nanorattle
(GSN) [79], gold-nanoshells with carboxylated polystyrene spheres
(GNSCPSs) [80], gold-nanoshelled microcapsules (GNSMCs) [81],
gold-shelled Fe304 NPs [82], and gold-shelled upconversion NPs-
Fe304 complex (GS-UCNPs-Fe304) [83,84]. Core-shell NPs in this
contest are spherical particles consisting of dielectric silica cores
and metallic shells having nanometer thickness. Here, the sur-
face of monodisperse silica core synthesized by the Stéber process
[85] is functionalized with organosilane molecules such as 3-
aminopropyltriethoxysilane (APTES). Small gold NPs with 1-2 nm
diameter are then covalently attached on the surface of the
organosilane functionalized silica core via the amine group [18].
The surface of gold-silica NPs is modified mainly using PEG [86]
or methoxy-PEG-thiol [79], which improves their biocompatibil-
ity and water solubility. GSSNPs composed of silica core with
irregular gold nanodomains are synthesized by a microemulsion
method [78], which involves tetraethyl orthosilicate (TEOS) and
aminopropyl triethoxysilane (APTS). Gold domains are deposited
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on the surface of the silica matrix via free amine functional sites.
SN core is fabricated by the core-etching of the organic-inorganic
hybrid solid silica spheres (HSSs) using hydrofluoric acid [87],
and gold-nanoshell are then grown on the surface of the SNs by
the seed-mediated method (Fig. 8) similar to the one used for
the synthesis of GNSCPs [76]. GNSMCs are synthesized [81] by
the electrostatic adsorption of citrate-stabilized gold NPs on the
surface of polymeric microcapsules prepared by the emulsifier-
free emulsion polymerization using potassium persulfate as the
anionic initiator [87]. Gold-shelled Fe304 NPs are synthesized start-
ing from the thiol functionalized Fe304-silica nanospheres [88].
Here, the thiol functionalized Fe304-silica nanospheres are formed
through the self-assembly of the amphiphilic block copolymers
polystyrene-b-poly(acrylicacid) and Fe304 NPs followed by the
cross-linking with 3-mercaptopropyltrimethoxysiliane (3MPS).
Finally, gold nanoshells are decorated on the surface of the sil-
ica spheres by the seed-mediated reduction method [89]. The
GS-UCNPs-Fe304 is prepared by the electrostatic interaction of
Fe304 NPs with NaYF4-based UCNPs [83,84,90,91] followed by the
seed-mediated fabrication of gold shell [83,93]. The conjugation of
GS-UCNPs-Fe304 with PEG and folic acid (FA) improves their bio-
compatibility and targeted delivery [83,84,90,91]. UCNPs referred
here are the nanocomposites of transition metal ions, lanthanide
ions or actinide ions doped into the solid-state host, which emits
higher energy light under lower energy excitation [92,94]. A vari-
ety of core materials and dopants are used for the synthesis of
UCNPs, among which the micrometer-sized Er3*/Yb3* or Tm3*/Yb3*
co-doped hexagonal NaYF, shows the highest upconversion effi-
ciencies [95].

West and co-workers have first demonstrated PTT using the
gold nanoshells nearly a decade ago [69]. Subsequently, Drezek
and co-workers have shown the nanoshell-based PTT of human
breast carcinoma cells [69]. West and co-workers have later accom-
plished PTT more effectively in solid tumors by the direct injection
of PEGylated nanoshells [86]. Here, the temperature fluctuations
after the irradiation was mapped using the magnetic resonance
thermal imaging (MRTI). Grobmyer and co-workers have used FITC-
loaded GSSNPs for the PTT of A549 lung carcinoma cells under
785 nm excitation [78]. Here, the fluorescence from FITC is used for
visualizing the internalization of GSSNPs in A549 cells and trypan
blue staining for necrosis. Tang and co-workers have demonstrated
PTT in vivo in hepatoma 22 (H22) solid tumors using PEG-GSN and
NIR laser irradiation (2 W cm~2) [79]. Here, the weight of the tumor
drastically decreased during the course of the photothermal abla-
tion. During this treatment, the temperature of the tissue raises
due to electron-phonon and phonon-phonon interactions [17] in
PEG-GSNs, which is detected by infrared thermal imaging (Fig. 9).
Eventually, the drug releasing property of PEG-GSNs is demon-
strated for the anticancer drug docetaxel (DOC). Here, the amount
of DOC loaded in PEG-GSNs (ca. 1.08 g g~ ! PEG-GSNs) is greater
than thatin SNs(ca. 0.48 g pg~! SNs). Also, the raise in the temper-
ature during the course of the PTT results in the targeted delivery of
DOC.

Recently, GS-UCNPs-Fe304 (MFNP) is used for the combined PTT
and multimodal imaging [83,84]. Here, the incubation of HeLa cells
with MFNP (0.05 mg mL~1) followed by laser illumination (808 nm
laser, 1 W cm~2) results in the destruction of cancer cells. The intrin-
sic photoluminescence of the UCNPs and the magnetic properties
of Fe304 NPs in MFNP are utilized for mapping the course of hyper-
thermia. The magnetic properties of PEG-MFNP are also utilized for
the magnetically controlled PTT, for which HeLa cells are incubated
with PEG-MFNP under an external magnetic field and photoacti-
vated for 5min. As a result of the combined magnetic field and
photoactivation, the cells near to the magnetic field are selectively
destroyed. On the other hand, the cells located away from the mag-
netic field remained essentially unaffected (Fig. 10).
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Fig. 9. Infrared thermal images of an excised PEG-GSNs-injected H22 solid tumor
sample at different time under NIR laser irradiation. The color bar represents the
relative temperature values in °C. The dashed circle indicates the H22 solid tumor.

Adapted with permission from [79]; Wiley-VCH Verlag GmbH & Co. KGaA.

H22 solid tumor

Invivo PTT using the PEGylated nanoshells [ 18] was first demon-
strated by West and co-workers. Here, the PEGylated nanoshells are
intravenously injected into mice and allowed to circulate for 6 h
before illuminating with a diode laser (808 nm, 4W cm~2, 3 min).
Tumors from the mice were disappeared within 10 days of the
treatment using the nanoshells [86]. The strong scattering and
absorption of the nanoshells in the NIR window are simultaneously
utilized for combined PTT and optical coherence tomography [96]
(OCT) imaging, which is an optical analogue to ultrasound imag-
ing with relatively good penetration depth (1-2 nm) and resolution
(~1-10 wm) [86]. Here, the OCT images collected 20h of the
post injection show an enhanced brightness in the tumor tis-
sues compared to the normal tissues. Subsequently, silica-gold
nanoshells are used for demonstrating the PTT of glioma in murine
xenograft, which is the most aggressive primary brain tumor [97].
In this case study, the PEGylated silica-gold nanoshells are injected
into mice implanted with firefly luciferase labeled U373 human
glioma cells. NIR (800 nm) irradiation of the tumor in mice treated
with PEGylated silica-gold nanoshells 24 h of post injection shows
considerable reduction in the tumor size. Meanwhile, the DOC
loaded PEG-GSN has been used for evaluating the in vivo PTT and
chemotherapy in tumor bearing mice. In this evaluation, PEG-GSN-
DOCisintravenously injected into mice ata concentration of 200 pg
and irradiated with NIR light (2Wcm~2). The weight of tumor
in the mice treated with PEG-GSN-DOC is considerably decreased
compared to that in control mice. Here, the release of DOC from
the surface of GSN nanoparticle occurs due to the local heat-
ing experienced during the hyperthermia. In another case study,
GNSCPSs are also utilized for evaluating PTT in Lewis lung carci-
noma [80]. Here, a solution of GNCPSs is injected into the mice
bearing human Lewis lung carcinoma tumors and irradiated with
NIR light (808 nm, 4 W cm~2). Interestingly, tumors in the treated
mice are almost disappeared 12 days after the first laser treat-
ment. Recently, GNSMCs are used as an agent for both PTT and
ultrasound contrast imaging [81]. The in vivo acoustic ultrasound
enhancement studies are carried out in New Zealand white rabbits.
The ultrasound contrast images collected from the kidney of the
rabbits show more enhancements in the pulse-inversed harmonic
imaging (PIHI) mode in contrast with the conversional B mode.
Similarly, silica-shelled Fe304 NPs are used for bimodal-imaging
and in vivo PTT [82]. The in vivo T, weighted MR images collected
from the tumor site after the injection of silica-shelled Fe304 NPs
show an enhanced darkening with ca 38% drop in the T, signal
intensity. Similarly, GS-UCNPs-Fe304 NPs are used for the com-
bined bimodal-imaging and in vivo PTT in mice bearing KB tumor.
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Fig. 10. (A) The heating curves of water and solutions of UCNPs-Fe304 nanocomposite and MFNP under 808 nm laser irradiation. (B) Relative viabilities of KB cells treated
with PEG-MFNP- or FA-PEG-MFNP with or without laser irradiation. (C) Upconversion luminescence image of HeLa cells in a culture dish taken, using the Maestro in vivo
imaging system (980 nm excitation), after incubation with PEG-MFNP under an applied magnetic field. Inset: photograph showing the experimental setup. A magnet is placed
close to the cell culture dish. (D-F) Confocal images of calcein AM (green, live cells) and propidium iodide (red, dead cells) co-stained cells after magnetically targeted PTT.
(G) Digital photograph of the cell culture dish after the magnetically targeted PTT and trypan blue staining. (H-]) Optical microscopy images of trypan blue stained cells after

the magnetically targeted PTT.
Adapted with permission from [84]; Wiley-VCH Verlag GmbH & Co. KGaA.

Here, the fluorescence images collected from the liver and tumor
sites show a strong upconversion emission from the NPs. The T,-
weighted MR images collected after the intravenous injection also
show a darkening effectin the liver. Furthermore, the ex vivo upcon-
version luminescence images show a high density of the NPs in
the tumor milieu and the reticuloendothelial systems including the
liver, spleen, lungs and bone marrow. Finally, the GS-UCNPs-Fe304
NPs are used for the mapping of lymph nodes in mice. Here, the
NPs accumulated in the primary lymph nodes are visualized by the
in vivo UCL imaging 2 h after the injection (Fig. 11).

2.6. Gold nanoshells (GNS)

GNS are composed of a thin gold wall and a hollow interior
with a strong tunable plasmonic absorption in the NIR region. GNS
are synthesized by the cobalt NP-mediated reduction of chloroau-
ric acid [98]. At first, cobalt NPs are synthesized by the sodium
borohydride reduction of a deoxygenated and deionized aqueous
solution of sodium citrate and cobalt chloride under the nitrogen
atmosphere. Subsequently, GNS are synthesized by the addition
of chloroauric acid to the as prepared cobalt NPs. During this
process, cobalt NPs reduces the gold ions to form a gold NP
layer, while at the same time, cobalt NPs are oxidized into cobalt
oxide.

PEGylation improves the biocompatibility and solubility of the
as-synthesized GNS [99,100]. To utilize GNS for both in vitro
and in vivo targeted delivery and PTT, the surface of GNS are

conjugated with different biomolecules such as anti-EGFR anti-
body [101] or NDP-MSH (a-melanocyte-stimulating hormone
[Nle4,D-Phe’]) [102]. Here, the NDP-MSH is synthesized using
the p-methoxybenzhydrylamine resin [103]. Li and co-workers
have shown the potentials of EGF-conjugated GNS for PPTT
[101]. Exposure of an aqueous solution of the conjugate to
8 Wcem~2 laser results in the elevation of local temperature up to
41.5°C and an effective destruction of the cells treated with the
conjugate. In a subsequent report, they have shown the poten-
tials of GNS-NDP-MSH for the in vivo targeting of melanocortin
type-1 receptor (MC1R) over-expressed in melanoma [102]. Here,
PEG-GNS-NDP-MSH is intravenously injected into nude mice bear-
ing murine B16/F10 melanoma. The intracellular uptake of the
NPs and the distribution of h-arrestin are monitored by the [18F]
fluorodeoxyglucose positron emission tomography (PET). The PET
images collected from the mice treated with PEG-GNS-NDP-MSH
show a reduced uptake of [18F] fluorodeoxyglucose in the tumor,
which is similar to that observed for mice injected with PEG-GNS or
saline [99,100]. Recently, the same group has shown the PT effects
of GNS in mice bearing human glioblastoma (U87-TGL), which is
monitored by photoacoustic tomography (PAT)[103]. Mice injected
with RGD-PEG-GNS are exposed to the NIR laser. The PAT images
obtained 24 h after the injection clearly highlights the brain tumor
and its location. PAT signal ratio of tumor-to-normal tissues is twice
for the mice injected with RGD-PEG-GNS than the controls. Here,
the progress of PTT in mice is studied using the time-dependent
magnetic resonance temperature imaging.
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Fig. 11. The upconversion luminescence (UCL) (A), bright field (B), and merged (C)
images of a KB tumor-bearing mouse obtained one hour after intravenous injection
of PEG-GS-UCNPs-Fe;04 NPs. Strong upconversion luminescence signal is detected
from the liver and tumor sites (arrow). (D) Ex vivo UCL showing accumulation of
the NPs in the liver, spleen, tumor, bone marrow, and lungs of the mouse over a
period of 24 h. The UCL signals from other organs are barely detectable. (E and F) T2-
weighted images of KB-tumor bearing nude mice with (E) and without (F) injection
of the NPs. Obvious dark contrast is detected from the liver and tumor sites. (G and
H)Multimodal UCL(G) and MR (H) lymphangiography obtained for a mouse injected
with GS-UCNPs-Fe;04 NPs. MR images are taken before (left) and after (right) the
injection.

Adapted with permission from [83]; Wiley-VCH Verlag GmbH & Co. KGaA.

2.7. Carbon nanomaterials

The large NIR absorption coefficient (6.2 x 106M-1cm1)
[104,105], mechanical flexibility, large surface area and small diam-
eter of carbon nanotube (CNT) make it a good candidate for PTT.
Similarly, graphene and reduced graphene oxide (RGO) have been
proposed to be promising candidates for PTT due to their strong
optical absorption in the NIR window. PEGylation improves the
biocompatibility and water-solubility of both single walled car-
bon nanotube (SWCNT) and RGO [106,107]. Conjugation of SWCNT
[108,109] or RGO [110] with FA or RGD peptide is useful for the
targeted intracellular delivery of these carbon nanomaterials.

To-date there is only a limited number of reports on the applica-
tions of functionalized CNT or GO for PTT. For example, the in vitro
PTT of FR-positive mouse mammary tumor cells (EMT6) incubated
with the FA-PEG-SWCNT conjugate followed by irradiation with
980 nm laser (0.5Wcm~1) results in the considerable decrease of
cell viability [106]. Similarly, RGD peptide-functionalized RGO is
used for the selective uptake and in vitro PT ablation in US87MG
cancer cells [106]. Drug delivery and multimodality in PTT are

accomplished on GO platforms such as doxorubicin-loaded PEG-GO
[111] and PEGylated GO with Fe304 NPs (GO-Fe304-PEG). Here, the
magnetic field-assisted delivery of doxorubicin using GO-Fe304-
PEG shows enhanced uptake of GO-Fe304-PEG-DOX in murine
breast cancer 41 cells. The cell viability measured using calcein
AM/PI double staining shows the selective damage of cells within
the external magnetic field. PTT using quantum dots (QDs)-tagged
GO in MCF-7 cells under 808 nm laser illumination (2Wcm~2)
shows an efficient cell-death as well as a slow photothermal degra-
dation of QDs [112].

More recent in vivo investigations using bioconjugated carbon
nanomaterials show their great potentials for PTT of cancers. For
example, NIR (980nm, 1Wcm~2) PTT using the mitochondria-
targeting PEG-SWCNT conjugate [106] in female Balb/c mice
bearing EMT6 tumor shows an increase in the temperature at the
tumor site within 5 min of irradiation. Here, the tumor size in the
treatment group is drastically reduced with complete disappear-
ance of the tumor and the development of fibrotic tissues 30 days
after the treatment. The changes in the surface temperature of the
tumor during the PTT using FA-PEG-SWCNT are monitored using
IR thermal imaging [108]. Similarly, the PT effect of SWCNT under
low-power laser irradiation is studied in C3H/HeN mice model
of squamous cell carcinoma (SCCVII) by following the character-
istic G-band of SWCNT in the Raman spectrum [112]. SWCNTs
functionalized with PEGylated phospholipids [113] and glycated
chitosan-FICT [114] conjugate are utilized for in vivo PTT in Balb/c
mice bearing 4T1 murine breast tumor and EMT6 tumor, respec-
tively. Also, the photoluminescence of SWCNTs was utilized for
near-IR tumor imaging [113]. Interestingly, tumor is completely
disappeared for the treated mice without inducing any toxic side
effect (Fig. 12). Gold-shelled SWCNT with improved NIR absorption
coefficient and reduced toxicity are also recently used for PTT[115].
The in vivo PTT using PEGylated nanographene sheets (PEG-NGS)
[110] in Balb/c mice bearing 4T1 tumor followed by NIR irradiation
(800 nm) shows the complete disappearance of the tumor with no
further tumor regrowth over a period of 40 days. More recently,
combined PTT and PDT is practiced using chlorine e6 (Ce6)-loaded
PEG-GO conjugate [116]. Here, Ce6 is loaded on the surface of PEG-
GO by the supramolecular -1 stacking. One of the advantages of
the PEG-GO conjugate in this case is an improved cellular uptake
of Ce6 assembled on the conjugate and thus efficient PDT of cancer
cells.

3. Nanomaterials in photodynamic therapy

An ideal PS drug has high absorption coefficient in the
650-850 nm region, high yield of 10,, solubility under physiolog-
ical conditions, large tumor selectivity, poor damage of healthy
tissues and fewer side effects such as mutagenic, carcinogenic and
allergic effects. The main advantages of PDT over radiation therapy
and chemotherapy are its site-specific photoactivation of targeted
PS drugs with visible or NIR light and minimal damage of the normal
tissues. The main two classifications of PS drug are porphyrins and
non-porphyrins. Hematoporphyrin (Hp) isolated from hemoglobin
is among the first generation PS drug that has several limitations
such as prolonged accumulation in tissues and toxicity. Due to these
drawbacks of Hp, many second-generation PS drugs having less
toxicity, short accumulation in tissues and short NIR absorption are
developed. However, the hydrophobicity and poor tumor selectiv-
ity of the second-generation PS drugs are limitations for their PDT
applications. In the third- generation PS drugs, the targeted delivery
using carrier molecules is helpful for reducing their accumulation
in healthy tissues. Classical examples of non-porphyrin PS drugs
include hypericin, methylene blue, cyanine dyes, and rhodacyanine
dyes. Among the several PS drugs, photofrin® (porfimer sodium)
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Fig. 12. In vivo NIR imaging using photoluminescence from the SWCNT. (A) Optical image of a Balb/c mouse with two 4T1 tumors (indicated by arrows). (B) NIR photolumi-
nescence image taken 48 h post-injection. (C) A Raman image (the green color represents the intensity of the Raman G band) of SWCNTs showing the distribution of SWCNTs
in a 10 wm thin slice of tumor. (D) A Raman spectrum of a SWNT solution. The strong characteristic G peak at 1600 cm™! is used for Raman imaging.

Adapted with permission from [113]; the Springer.

having absorption maximum ca 625-630 nm is the first PS drug to
find clinical application (1993). Even though photofrin® has been
used for PDT of different cancers, its poor water solubility is a major
limitation. The first approved second-generation PS drug in clinic
is 5,10,15,20-tetrakis(m-hydroxyphenyl)chlorin (2002) which has
high quantum yield of 10, generation. Other second-generation
PS drugs clinically accepted for PDT are aminolevulinic acid, por-
phycenes, and phthalocyanines. Among these drugs the last two
are promising due to their strong absorption in the red, long-lived
triplet state, and high triplet quantum yields. Despite all these
developments, PDT is still not well adapted in clinical practice
because of different factors such as toxicity, poor solubility of the
PS drug in water, and poor selectivity without affecting the nor-
mal tissues. Recently, nanomaterials conjugated with PS drugs find
considerable attention in PDT. A combination of nanomaterials and
PS drugs forms a class of nanomedicine. Among the wide variety
of nanomaterials, quantum dots (QDs), upconversion NPs (UCNPs),
silica NPs, plasmonic NPs, carbon nanomaterials, polymer NPs, lipo-
somes and micelles are being combined with PS drugs and applied
in PDT both in vitro and in vivo.

3.1. Quantum dots (QDs)

Quantum dots are NPs in which the electrons and holes are
three dimensionally confined within the exciton Bohr radius of the
materials. The quantum confinement renders unique optical prop-
erties such as narrow emission band and size-dependent tunable
photoluminescence [117-119]. Exceptional photostability, large
surface to volume ratio, and large two-photon absorption cross-
section of QDs make them promising candidates for bioimaging
and PDT [8,120-123]. In general, QDs used in PDT of cancer models
include CdSe, CdTe, CdSe/ZnS and InP/ZnS. CdSe or CdTe QDs are

synthesized by the pyrolysis of organometallic precursors of cad-
mium and Se or Te [117]. The synthesis of CdSe or CdTe QDs involves
a nanocrystal nucleation-growth reaction of dimethyl cadmium
(CdMe,, 13.35 mmol) dissolved in trioctylphosphine (TOP, 25 mL)
with TOPSe or TOPTe dissolved in TOP (15 mL) at 230-300 °C. Later,
the CdSe or CdTe QDs synthesis is modified by replacing the toxic
and volatile CdMe, with safer and greener precursors such as cad-
mium oxide and cadmium acetate [124].

Burda and co-workers have first demonstrated the use of QDs
in PDT by linking a silicon phthalocyanine (Pc4) to QDs through
an alkyl group on the axial substituent of Pc4 [125]. Here, the PS
drug is indirectly excited by the Forster resonance energy trans-
fer (FRET) from QDs, which enables the production of 10, at ca 5%
quantum yield in toluene. The production of 10, is monitored by
following its NIR luminescence ca 1270 nm. Subsequently, peptide-
coated QD-PS conjugates are used for the production of 10, at high
quantum yields [126]. For example, Weiss and co-workers teth-
ered Rose Bengal (RB) or Ce6 [127] on the surface of CdSe/ZnS QDs
and the production of 10, is quantified by following its NIR lumi-
nescence using a liquid nitrogen-cooled Germanium photodiode.
The quantum yields of 10, produced by QD-RB and QD-Ce6 con-
jugates are ca 0.17 and ca 0.31, respectively. Subsequently, more
efficient (ca 15%) production of 10, is accomplished using con-
jugates of CdTe QDs and aluminium tetrasulfophthalocyanine
(QD-AISPc) [128]. Another example of QD-based '0, produc-
tion system is biocompatible and water-soluble CdSe-phorphyrin
composite under two-photon excitation [129]. Here, encapsula-
tion of QDs in micelles via EDC coupling without replacing the
inorganic coating improved the water-solubility of QDs. The 10,
generation in this case is quantified using the disodium salt of 9,10-
anthracenedipropionic acid (ADPA), which immediately reacts
with 10, and produces the endoperoxide of ADPA. The quantum
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Fig. 13. (A) Guanine and thymine base damages in DNA; (B) photoactivation of
a QD, various relaxation processes in a photoactivated QD, and reaction of a
photoactivated QD with molecular oxygen and the formation of reactive oxygen
intermediates; (C) photoluminescence decay profiles of CdSe-ZnS QDs in the pres-
ence (a) and absence (b) of oxygen; and (D) agarose gel image of plasmid DNA,
photoactivated plasmid DNA, conjugates of plasmid DNA and QDs, and QDs.

Adapted with permission from [132]; the American Chemical Society.

yield of the 10, produced by the two-photon excitation is nearly
twice compared to that by free porphyrin. More recently, CdTe-
phthalocyanine with high triplet quantum yield (0.94) has been
reported [130]. PbS QDs decorated with S-nitrosocysteine- and
adsorbed on TiO, nanotubes is also known to produce 0, [131].
Here, PbSe QDs are first decorated on the surface of TiO, nanotubes
using thiolatic acid and Pb(NO3),, and then the Pb-TiO, hybrid
nanomaterials are functionalized with L-cysteine and loaded with
NO. Subsequently, photoactivation of the hybrid system results
in the release of NO and the production of 10,. The direct exci-
tation of CdSe/ZnS QDs without the use of any PS drug is also
known to produce ROI such as 10, and hydroxyl radical and cause
impairment in DNA as observed in gel electrophoresis experiments
involving base-excision repair enzymes (Fig. 13) [132]. Recently,
CdSe/ZnS QDs conjugated with RB is used for PDT due to its effi-
cient production of 10, under two-photon excitation [133]. First,
the as-prepared CdSe/ZnS QDs [133-135] are phase-transferred
into water using mercaptopropionic acid, and then RB molecules
are conjugated to the surface of QDs via the EDC coupling. The 10,
production in this case is quantified using the photo-oxidation of
1,3-diphenylisobenzofuran (DPBF) into its corresponding diketonic
form. HeLa cells incubated with the PS-conjugated QDs and excited
using a two-photon light source show considerable decrease in
their viability. Even though CdSe QDs conjugated with PS drugs
are promising candidates for PDT, the toxicity of these materials
limits their potentials. Recently, less toxic InP/ZnS QDs conjugated
with Ce6 are used for PDT [136]. Incubation of MDA-MB-231 breast
cancer cells with the InP/ZnS-Ce6 conjugate followed by UV illumi-
nation results in a decrease in the viability of the cells.

3.2. Upconversion nanoparticles (UCNPs)

UCNPs such as NaYF4 doped by Er3* or Yb3* are synthesized
by the thermal decomposition of rare-earth trifluoroacetates in
the presence of a mixture of oleic acid and 1-octadecene [137]. In
this synthesis, a mixture of Ln(CF3COOH)s, NaF, and oleic acid/1-
octadecene is degased at 100 °C under vacuum for 1 h. The mixture
is then heated rapidly to 320°C and kept at this temperature
for 30 min. UCNPs formed during this step are precipitated by

Fig. 14. TEM images of (A and B) NaYF,4:Yb/Er-silica NPs and (C and D) mesoporous-
silica-coated NaYF4:Yb/Er-silica NPs.

Adapted with permission from [142]; Wiley-VCH Verlag GmbH & Co. KGaA.

the addition of ethanol followed by washing with ethanol and
ultrahigh-centrifugation. Coating of UCNPs with molecules such as
PEG [138] or chitosan [139] improves their water solubility and
phtotostability. A simple mixing of a dispersion of UCNPs in chloro-
form and ploy(maleic anhydride-alt-1-octadecene)-polyethylene
glycol (C18PMH-PEG) or N-succinyl-N'-octyl chitosan in water
results in the formation of PEG-UCNPs [138] or chitosan mod-
ified UCNPs [139]. Common PS drugs combined with UCNPs
for PDT include merocyanine-540 [140], zinc phthalocyanine
(ZnPc) [141,142], Ce6 [143], or tetrasubstituted carboxy aluminum
phthalocyanine (AlC4Pc) [144]. Here, mixing of PS drugs and UCNPs
in water or phosphate buffered saline (PBS) followed by the removal
of unbound PS by ultrahigh centrifugation is employed for the load-
ing of PS drugs. Core/shell mesopourous silica/NaYF, UCNPs are
synthesized by two-step protocol [142] which involves the conden-
sation of TEOS and octadecyltrimethoxysilane (C18TMS) (Fig. 14).
Magnetic UCNPs (NaGdF4:Yb,Er/NaGdF,4) are synthesized by the
thermal decomposition of NaGdF4:Yb/Eu and NaGdFy in a mixture
of sodium trifluoroacetate, 1-octadecene, and oleic acid [145].
PDT using UCNPs is first reported for the combination of silica-
coated NaYF4:Er3*,Yb3* NPs and merocyanine-540 [140]. In this
case, the NPs conjugated with anti-MUC1 (episialin) are used for
the targeted binding of anti-MUC1 with Episialin (MUC1) present
on the surface of the cancer cells. But this method largely fails
to demonstrate the activation of NPs deeply buried in tissues.
ZnPc loaded NaYF4:Er3*,Yb3* NPs with organic polymer coating
are also used for PDT [141]. Here, the 10, production is quanti-
fied using ADPA sensor. Magnetic UCNPs (NaGdF,:Yb, Er/NaGdFy)
with AlC4Pc are also recently used for combined PDT and MR
imaging [146]. Here, the 10, production under 980 nm laser excita-
tion in MEAR cells incubated with UCNPs results in the significant
reduction of cell viability, which is determined by staining with
trypan blue. PS drug-loaded silica-coated UCNPs also produce 10,
at high efficiencies and are ideal candidates for PDT [142,146]. For
example, ZnPc loaded mesopourous silica-coated NaYF4 UCNPs in
murine bladder cancer cells produce 10, at high efficiencies, which
is monitored using a fluorescent marker, 5-(and-6)-carboxy-2'-7'-
dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA). Here,
ROS formed by the photoactivation of ZnPc oxidize the fluorescent
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Fig. 15. Detection of oxidative stress in live cells using the Image-iT LIVE Reactive
Oxygen Species (ROS) Kit. MB49-PSA cells are treated with NaYF4 NPs (A-D) or ZnPc-
loaded NaYF4 NPs (E-H) followed by laser activation to induce oxidative stress. Cells
are then labeled with carboxy-H2DCFDA, which fluoresces when oxidized in the
presence of reactive oxygen species (green). Nuclei of the cells are counterstained
with DAPI (blue), and the NPs are shown by their red fluorescence. Insets in (A)
and (E) show the region enlarged in (B-D) and (F-H), respectively, so as to better
demonstrate the more obvious changes in the cells staining pattern.

Adapted with permission from [146]; Elsevier.

marker into a bright green fluorescent product (Fig. 15). One of the
key advantages of the silica-coated UCNPs is that the PS drug can
be retained within the silica shell. Also, the drug can be extracted
by socking the UCNPs in ethanol, which makes the NPs reusable.
Many recent investigations show that UCNPs can be applied in vivo
for PDT. For example, PDT using Ce6 loaded PEG-UCNPs in mice
bearing 4T1 murine breast tumor under 980 nm laser (0.5 W cm~2)
excitation completely suppresses the tumor [143]. Also, the UCNPs
injected during the PDT treatment are completely cleared from the
body after ca 2 months. Chitosan-modified UCNP with ZnPc PS drug
is another candidate for efficient PDT in vivo [139]. Here, the chi-
tosan modification improves the dispersivity and photostability of
the UCNPs and enhances the production of 10,.

3.3. Silica nanoparticles

Silica NPs encapsulated with PS have been emerged as potential
PDT drugs in modern biomedical research. To-date, a wide variety
of PS drugs are loaded in silica NPs, which include hypocrellin
A [147,148], 2-devinyl-2-(1-hydroxyethyl)pyropheophorbide
(HPPH) [149], protoporphyrin IX (PpIX) [150-152], meta-
tetrahydroxyphenyl chlorin (m-THPC) [153], Pc4 [154], methylene
blue [155,156], purpurin-18[157], 2,7,12,18-tetramethyl-3,8-di(1-
propoxyethyl)-13,17-bis-(3-hydroxypropyl)porphyrin (PHPP)
[158], ZnPc [159], iodobenzylpyrosilane [160], pd-meso-tetra(4-
carboxyphenyl) porphyrin [161], hematoporphyrin (HP) [162,163],
porphyrin [164], and AIC4Pc [165]. The best-known example of
PS drug loaded in silica NPs is Foscan® which is developed by the
encapsulation of meta-tetrahydroxyphenyl chlorin in silica NPs
[166]. Methylene blue-incorporated silica NPs is also a promising
drug in PDT [155]. However, the poor penetration ability of methy-
lene blue into cellular compartments as well as its inactivation
via the reduction into neutral leukomethylene blue are two major
limitations. Incorporation of methylene blue in silica shell via
Stober method lifts these limitations. The addition of methylene
blue to tetraorthosilicate during the growth of silica shell results in
its trapping inside the silica matrix [156]. Silica-coated magnetic
NPs are formed by the Stober process using tetraorthosilicate
[85]. Here, the magnetic core is prepared by the co-precipitation
of Fe2*/Fe3* jons under alkaline conditions followed by the sta-
bilization with tetraethylammonium oxide. NIR fluorescent dye
(ATTO 647N) incorporated mesopourous silica NPs with palladium
porphyrin (Pd-TPP) (A647@MSNPs-Pd-TPP) is synthesized starting
from A647@MSNPs [167]. Here, the ATTO647N-conjugated APTMS
synthesized from ATTO647N NHS ester and APTMS-EtOH is used
for the synthesis of the mesoporous silica NPs (A647@MSNPs).
Subsequently, Pd-TPP is covalently linked to A647@MSNPs by the
reaction with silane-modified Pd-TPP. The conjugation of cRGDyK
peptides on the surface of A647@MSNPs-Pd-TPP complex is found
useful for the targeted delivery of the nanoparticles [167].

In contrast with silica shells, porous silica nanospheres offer
better drug loading capacity, and thus more efficiency of the 10,
production. For example, HeLa cells incubated with the PS drug
hypocrellin A embedded porous silica nanospheres show consid-
erable decrease in the cell viability compared to those treated with
the free PS [147]. Similarly, hypocrellin A NPs encapsulated in silica
nanovehicles show higher 10, production and active uptake into
HelLa cells [148]. 2-Devinyl-2-(1-hydroxyethyl) pyropheophorbide
(HPPH)-encapsulated and organically-modified silica NPs are being
used in clinical trials against eosophageal cancer [151]. Protopor-
phyrin IX (PpIX) encapsulated in ormosil NP is another example
for PS-silica NP system to show efficient 10, production [168].
Other examples of PS drugs encapsulated in silica NPs include m-
THPC [153], Pc4 [154], PpIX [150], HPPH [149], and methylene
blue [156]. Among these NPs, HPPH-loaded and organically-
modified silica NPs with covalently linked iodine produce 10,
at high efficiencies, which is due to the high triplet quantum
yield contributed by the heavy atom iodine in HPPH. 10, produc-
tion by methylene blue encapsulated in phosphonate-terminated
silica NPs (PSiNPs) is estimated at 0.49. The encapsulation of
PpIX[151,152], iodobenzylpyrosilane [160] or phosphorescent Pd-
meso-tetra(4-caroxyphenyl) porphyrin [161] in mesoporous silica
matrix, or FITC-doped nonporous silica core with mesopouous
silica shells containing hematoporphyrin (HP) [162] also pro-
duce 10, at higher efficiencies. In vitro experiments in HeLa cells
incubated with 1mgmL-! methylene blue-doped NPs show 90%
decrease in the cell viability over 30 min under exposure to 635 nm
laser [169]. Quadrupolar chromophores with high values of two-
photon absorption cross-section incorporated in silica NPs generate
10, at 51% efficiencies in D,0 [170]. More recently, silica-coated
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control

MSNPs

Fig. 16. The effect of two-photon excited-PDT on tumors: excised tumors from mice
30 days after treatment with saline (control), MSNPs, and a combination of MSNPs
and two-photon irradiation.

Adapted with permission from [174]; Wiley-VCH Verlag GmbH & Co. KGaA.

magnetic NPs containing methylene blue [156], purpurin-18 [157],
PHPP [158,171] or ZnPc [159] are exploited for the combined
PDT and MRI imaging. The formation of 10, is detected by fol-
lowing the characteristic luminescence band at 1270 nm. Also,
a chemical method involving 1,3-diphenylisobenzofuran (DPBF)
[156] and N,N-dimethyl-4-nitrosoaniline (RNO) sensors are used
for the detection of 10, [157]. ZnPc loaded Fe304-mesoporous
silica NPs are also used for the delivery of the drug Ibupro-
fen [159]. Due to abilities to produce 0, at high efficiencies,
most of these silica NPs containing PS drugs are applied for
PDT in vitro and in vivo. For example, water-soluble porphyrin-
incorporated mesopourous silica NPs conjugated with mannose
is used for the targeted PDT of breast cancer cells (MDA-MB-21)
[164]. Other examples of PS-silica NPs for PDT include Fe304/SiO,
core/shell nanocomposites with Ir (IIl) complexes [172], AlC4Pc-
loaded magnetic fluorescent Fe30,4/SiO, core/shell NPs with FA
functionalization [165], Hematoporphyrin (HP)-loaded in hollow
silica nanocages [163], and mesoporous silica NPs impregnated
with A647@MSNPs-Pd-TPP complex [167]. As U87MG cells are
incubated with A647@MSNPs-RGD-PdTPP and exposed to 532 nm
laser beam (250 + 5 mW cm~2), prominent cell death is detected by
PI staining of the dead cells.

PpIX-encapsulated and organically-modified silica NPs are
recently used for PDT in vivo [150]. Biodistrubution of PpIX-silica
NPs is calculated by injecting it in tumor bearing nude mice.
Efficient accumulation of the NPs is accomplished in glioblas-
toma without any renal clearance within 24 h post injection. More
recently, PpIX-loaded and organically-modified silica NPs carrying
IR-820 fluorophore are used for the direct two-photon PDT and
in vivo imaging of sentinel lymph node in mice [173]. Another
example for in vivo PDT using silica NPs is the NIR treatment of
HCT-116 xenografts in mice with porphyrin-mannose-silica NPs
composite (MSNPs), which show considerable reduction in the
tumor size [174]. The effect of porphyrin-mannose-silica NPs com-
bination on tumor suppression is further evaluated ex vivo 30 days
after the treatment (Fig. 16).

3.4. Plasmonic nanoparticles: (gold nanoparticles and gold
nanorods)

Plasmonic NPs such as GNPs and GNRs find applications in
PDT and PTT. The common PS drugs used in conjunction with the

plasmonic NPs include phthalocyanines [175-180], toluidine blue
O [181], indocyanine green [182], and AlPcS4 [183]. High-quality
GNPs can be synthesized by the Brust method [184]; where, the NPs
are formed by the two-phase (water-toluene) reduction of AuCl,~
ions by sodium borohydride in the presence alkyl thiols. Further,
the surface modifications of GNPs are carried out using PEGyla-
tion with excess HO-PEG-SH followed by the removal of excess
ligand via ultracentrifugation [179]. A simple mixing of PS drugs
with GNPs/GNRs in water results in the effective loading of the PS
drug in GNPs/GNRs. Similarly, the addition of thiol functionalized
phthalocyanine derivatives during the Brust synthesis results in the
in situ formation of GNPs covalently bound with phthalocyanine
derivatives [176]. Phthalocyanine-conjugated GNPs are used for the
PDT of amelanotic melanoma [175] and breast cancer cells [178].
The targeted delivery of GNPs for PDT is accomplished using GNP
conjugated with anti-HER2 monoclonal antibody [178]. Here, the
incubation of breast cancer cells with phthalocyanine-GNPs-anti-
HER2 monoclonal antibody conjugate followed by illumination
with HeNe laser (632.8 nm) results in the decrease of cell via-
bility. Similarly, the in vivo PDT using phthalocyanine-conjugated
GNPs in C57 mice bearing amelanotic melanoma shows an exten-
sive damage of the blood capillaries and endothelial cells [175].
Recently, a similar PDT case study has been carried out using PEG-
GNP-Pc4 conjugate in tumor bearing mice, which produces 10, at
50% efficiency in ethanol [179]. Here, the intravenous injection of
the PEG-GNP-Pc4 conjugate followed by illumination with 500 nm
laser shows the accumulation of Pc4 at the tumor sites within 3 h
after the injection (Fig. 17). Similar to GNPs, GNRs conjugated with
PS drugs also find applications in PDT [180-184]. Recently, the
GNR-AIPcS4 complex has been found useful for the combined PDT
and PTT [183]. Here, the NIR emission of AIPcS4 and its ability to
produce 10, restore when released from the complex. Thus, the flu-
orescence images collected from the tumor site show intense NIR
fluorescence. In vitro studies also show that incubation of cancer
cells in a solution of GNR-AIPcS,4 results in the efficient endocytosis
of the complex, which is promising for the intracellular delivery of
A]PCS4.

3.5. Carbon nanomaterials

The combined PTT and PDT using carbon nanomaterials such
as single walled carbon nanotube (SWCNT), multi-walled car-
bon nanotube (MWCNT), carbon nanohorn (CNH) and graphene
oxide (GO) is practiced in combination with different PS drugs
such as ZnPc [185,186], Ce6 [187,188], porphyrin [189], and pyco-
cyanin [190]. Water solubility and biocompatibility to the carbon
nanomaterials are rendered by their conjugation with differ-
ent macromolecules such as bovine serum albumin (BSA) [185],
aptamers [187] or chitosan [188]. Biocompatibility and water sol-
ubility to GO are rendered by PEGylation [186]. Subsequently, PS
drugs are loaded onto CNT/GO by the simple mixing of CNT/GO
and PS followed by the removal of excess PS by ultracentrifuga-
tion. Hydrophobic interactions between the carbon nanomaterials
and the PS drugs are the keys underlying such preparations. For
example, Ce6 is loaded on the surface of SWCNT by the sonica-
tion of a mixture of the two. Excess Ce6 is then filtered through
a Polyvinylidene Fluoride (PVDC) membrane [188]. On the other
hand, porphyrin-MWCNT (PP-MWCNT) complexes are synthesized
by the carbodiimide coupling of amine-functionalized protopor-
phyrins with carboxylated MWCNT [189].

In vitro PDT using the BSA-ZnPc-CNH conjugate in the trans-
formed rat fibroblasts (5RP7 cells) under 670 nm laser results
in the decrease of cell viability down to 34% [187] (Fig. 18).
Recently, an aptamer-Ce6-SWCNT complex has been used for
the regulation of 10, generation [187]. Here, the aptamer-
Ce6 conjugates are wrapped around SWCNT (AP-SWCNT) via a
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Fig. 17. (A) Absorption and emission (inset) spectra of PEG-GNP-Pc4 conjugates
in normal saline. (B) Fluorescence images of a tumor-bearing mouse after being
injected with PEG-GNP-Pc4 conjugates in normal saline, (a) 1 min, (b) 30 min, and
(c) 120 min after intravenous tail injection. (d) Mouse injected with Pc4 alone.

Adapted with permission from [179]; the American Chemical Society.
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non-covalent w-stacking interaction. 10, production is quantified
using singlet oxygen sensor green (SOSG) dye. Also, Ce6-SWCNT-
chitosan complex is used as a nano-PS drug for the efficient PDT
of HeLa cells [188]. The 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1) assay of cell
treated with the chitosan-ce6-SWCNT complex show consider-
able decrease in viability when compared with cells treated with
free Ce6. Recently, PDT using PP-MWCNT complex is found to
be effective for the inactivation of Influenza type A virus [189].
Here, the exceptional photostability and competent reusability
of this material make it promising for the control of viral infec-
tion. MWCNT-chitosan-phycocyanin complex is also used for the
growth inhibition of cancer cells via PDT [190]. Combined PDT and
PTT are practiced in vivo in 5RP7 tumor-bearing mice by sepa-
rately injecting the BSA-ZnPc-CNH and BSA-CNH complexes [185].
Photoactivation of the tumor milieu with 670 nm laser for 10 min
after the injection results in the size-reduction of the tumor. More
importantly, the tumor is completely disappeared by the combined
effect of PDT and PTT.

More recently, PDT using GO-loaded with PS drugs has been
reported [186,191,192]. Here, ZnPc or Ce6 is loaded on the surface of
PEG functionalized GO via the supramolecular 7 stacking (Fig. 19).
Even though the 10, production by Ce6 loaded on the surface of
GO is drastically suppressed by ca 50%, the complex is found highly
effective for destroying cancer cells due to its increased cellular
uptake compared with free Ce6 (Fig. 19). Here, the photothermal
effect of GO under 808 nm laser is also involved in the cellular
uptake of Ce6-PEG-GO.

3.6. Biodegradable polymer-based nanoparticles

Biodegradable polymer-based NPs receive remarkable atten-
tion in drug delivery due to their high capacity to carry drug
molecules, ability for controlled drug delivery, versatile design, bio-
compatibility, and non-toxic nature [193]. The common method
used for the preparation of polymer-based NPs is the emulsion
polymerization or interfacial polymerization in water-in-oil or
oil-in-water microemulsions. The morphology of the resulting
polymer NPs is either nanospheres or core-shell NPs. The different
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Fig. 18. (A) Preparation of ZnPc-CNH-BSA complex and TEM images of CNH derivatives. (B-D) Transformed fibroblast cells incubated with the ZnPc-CNH-BSA complex. (E,
F) PD and PT destruction of tumors in vivo: (E) image of a mouse with large tumors on its left and right flanks 7 days after the tumor cell transplantation (the tumor on the
left flank is irradiated with 670-nm laser) and (F) image of the same mouse 17 days after the treatment with the ZnPc-CNH-BSA conjugate and laser irradiation.

Adapted with permission from [185]; the Natl. Acad. Sci. U. S. A.
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Fig. 19. (A) Scheme of Ce6 loading on GO-PEG complex. (B) AFM image of GO-PEG. (C) UV-vis absorption spectra of the GO-PEG-Ce6 conjugate at different Ce6 loading con-
centrations. Inset: photograph of GO-PEG (left) and GO-PEG-Ce6 (right) solutions. (D-F) Confocal images of KB cells incubated with DGO-PEG-Ce6 showing the photothermal
effect on the intracellular delivery of the complex: (D) at 37 °C in dark, (E) at 37 °C under 808 nm laser irradiation (360] cm~2), and (F) at 43 °C in dark.

Adapted with permission from [186]; the American Chemical Society.

polymer-based NPs used in PDT include polystyrene spheres
[194,195], PLA NPs [196], PAA NPs [197], pluronic F68 NPs [198],
chitosan NPs [199-203] and hyaluronic acid NPs (HANPs) [204].
HANPs are synthesized by the chemical conjugation of aminated 5
[3-cholanic acid, PEG and the black hole quencher3 to HA polymers
[204]. Subsequently, Ce6 is loaded into the HANPs (Ce6-HANPs)
by a simple dialysis method, which provides 80% loading effi-
ciency. Chitosan is a linear polysaccharide molecule, composed
of randomly distributed (3-(1-4)-linked D-glucosamine and N-
acetyl-p-glucosamine. Chitosans are widely used in biomedical
applications due to their unique biocompatibility and availability
of amine functionalities for chemical modifications.

The first report about biodegradable polymer NPs for PDT is
on the hematoporphyrin-adsorbed polyalkylcyanoacrylate NPs for
which the limitations are poor loading capacity and rapid drug
release [205]. Later on, drug-loaded polymer-based NPs are con-
veniently adapted in PDT both in vitro and in vivo [193,206]. For
example, PDT using polystyrene particles conjugated with Ce6
in human bladder carcinoma cells (MGH-U1) results in the com-
plete destruction of tumor cells [194,195]. Another example for
biodegradable polymer NPs for PDT is amine-functionalized PAA
loaded with a ruthenium complex [Ru(dpp(S03);)3] that produces
10, at high quantum efficiency [197]. Here, the PAA matrix does
not quench the 10, production; however, it may be noted that
the 10, production in this case is lowered by 40% compared with
that by the free dye [197]. The low efficiency of the 10, produc-
tion is due to the embedding of the sensitizer within the polymer,
which in turn lowers the efficiency of energy transfer to triplet oxy-
gen. In another case study, PDT using the lipophilic quadrupolar
chromophores featuring anthracenyl- or dibromobenzene-loaded
pluronic F68 NPs is evaluated in F98 cells excited with 820 nm
laser [198]. The viability of the cells in this case is quantified
after PDT by staining with PI and imaging under two-photon
excitation. Subsequently, a high quantum efficiency of 10, pro-
duction is accomplished using polyfluorene-based NPs conjugated
with tetraphenylphorphyrin [207-209]. Recent PDT investigations
involving PS drugs encapsulated in chitosan-based polymer NPs
show better results. Typical example is the use of protoporphyrin-
conjugated glycol chitosan NPs (PpIX-GC-NPs) with cellular on/off

fluorescence sensor property [199]. Here, the fluorescence of PpIX
is self-quenched in the complex due to its compact structure, which
disintegrates upon endocytosis and produces intense fluorescence
and '0,. High efficiency of 10, production is also accomplished for
porphyrin-conjugated chitosan-based magnetic NPs [200] or Rose
Bengal-grafted chitosan microcapsules [203]. These chitosan-based
NPs can also be efficiently delivered in cells and proffer significant
decrease in the cell viability when photoactivated.

In vivo PDT using PLA NPs conjugated with ZnPc (5 pmolkg™1)
in EMT-6 tumor-bearing mice shows 100% curing [191]. Ce6 loaded
HANPs are also found to be ideal for in vivo imaging and PDT [204].
The intravenous injection of Ce6-HANPs to tumor-bearing mice
results in the selective accumulation of the NPs in the tumor. Upon
irradiation, Ce6 is released from the NPs, which produces 10, as
well as intense fluorescence in the tumor and results in the suppres-
sion of tumor. Highly water-soluble PpIX-GC-NPs discussed in the
previous paragraph also show high tumor specificity and therapeu-
tic efficiency when injected in SCC7 tumor-bearing mice [201,202].
In another example of PDT, porphyrin-conjugated magnetic chi-
tosan NPs are applied in vivo under an external magnetic field (1T)
and NIR laser (650 nm) illumination (Fig. 20) [200]. Here, the NPs
are efficiently localized in the tumor milieu under the applied mag-
netic field, which is detected by the T,-weighted MR imaging. The
targeted NPs are then photoactivated at 650 nm, which results in
the considerable tumor regression.

3.7. Liposomes and micelles

Liposomes and micelles are artificial vehicles for the delivery
of drugs and nutrients. Liposomes are composed of a lipid bilayer
with an aqueous internal compartment; whereas, the micelles are
closed lipid monolayers with a fatty acid core and polar surface or
vise versa. Liposomes are widely used for the delivery of PS drugs
in PDT [210-215] due to their biocompatibility, ability to protect
the drugs, improve the circulatory half-life, and the release of the
drugs at desired locations [214]. A variety of PS drugs are used
in combination with liposomes- and micelles-based PDT. These
include tetramethyl hematoporphyrin (TMHP) [216], fullerene
(Cg0/C70) [217], ZnPc [218,219], Ce6 [220], benzoporphyrin
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Fig. 20. T,-weighted MR images of tumors in mice treated with porphyrin-
conjugated magnetic chitosan NPs: (A) without targeting using an external magnetic
field and (B) after targeting using an external magnetic field.

Adapted with permission from [200]; the IOP Science.

derivatives (BPD-MA) [221,222], pyropheophorbidemethyl
ester (PPME) [223], photofrin [224,225], 2-[1-hexyloxyethyl]-
2-devinylpyropheophorbide (HPPH) [226], mono-aminoporphyrin
(APP) [227], and protoporphyrin IX (PpIX) [228]. There are sev-
eral methods for the preparation of liposomes; for example, the
dimyristoyl-L-a-phosphatidylcholine (PPME-DMPC) liposomes
are prepared by the mixing of organic solutions of DMPC and PPME
[223].

TMHP-incorporated unilamellar liposomes are used for PDT of
human bladder carcinoma cells [216]. Water-soluble Cgg and Cyq
incorporated in liposomes are found to be efficient PS drugs for
PDT [217]. Here, the Cyg-incorporated liposomes produce 10, at
a higher efficiency than that by Cgp. Irradiation of micelle-like
self-assembled nanospheres composed of hexa(sulfo-n-butyl)[Cgg]
fullerene (FC4S) at 500-600 nm shows !0, production with quan-
tum yield up to 0.36 in water [219]. Here, photoactivation of FC4S
results in the formation of its triplet state at high efficiency and
subsequent energy transfer to molecular oxygen produces sin-
gle oxygen. Photofrin encapsulated liposome is another example
for PDT agents [224]. First, a solution of Photofrin-encapsulated
liposomes is intravenously injected into male fisher rats bear-
ing 9L gliosarcoma. Subsequent photoactivation (632nm and
100mW cm~2) 24 h post injection shows considerable reduction
in the tumor size. On the other hand, the pentapeptide Ala-
Pro-Arg-Pro-Gly-conjugated and PEGylated liposomes carrying
benzoporphyrin monoacid ring A (BPD-MA) show targeted drug
delivery, which is 4-fold efficient than that by PEG-liposome-BPD-
MA [222]. Typical example for micelle formulation of PDT drug
is APP-loaded poly(2-aminoethyl methacrylate)-polycaprolactone
(PAEMA-PCL) micelles conjugated with galactosyl moiety, which
is found to be ideal for the targeted PDT in human hepatocellular
carcinoma (HepG2) [227]. Other examples for micelle-formulation
of PS drugs include dendrimeric porphyrins and phthalocyanines,
which show enhanced efficiency of PDT and reduced non-specific
phototoxicity [229]. Also, recent studies show that PpIX-loaded pH-
sensitive and pH-insensitive graft polymer-based micelles are ideal
candidates for the photorelase of PS drugs both in in vitro and in vivo
[228]. The pH-sensitive graft polymer-based micelles efficiently
deliver the drug inside the cell, which makes PDT more effi-
cient; whereas, PpIX-loaded pH-insensitive micelles are trapped

within the endolysosomal bodies. Thus, the mice treated with PpIX-
loaded pH-sensitive graft polymer-based micelles show a drastic
decrease in the tumor size compared with the tumor in those
treated with either pH-insensitive micelles or PpIX alone. Radioac-
tive 131]-labeled and ZnPc-incorporated liposomes are used for
radiosyntigraphy as an early diagnostic tool and subsequent PDT
[218]. Polymeric micelles of diacylphospholipid-poly-(ethylene
glycol) co-loaded with Fe304 NPs and HPPH are used for the mag-
netically controlled drug delivery in tumor cells [226]. Here, HeLa
cells treated with HPPH containing polymeric magnetic micellar
dispersions are placed overnight on the top of an external mag-
netic field. Confocal fluorescence images from areas where the
magnetic field is applied show an enhanced magnetically driven
cellular uptake of the micelles, which is useful for the magnetic
control of PDT.

4. Summary and perspectives

Benefitting from the recent developments in the nanomaterials
field and the emergence of an interface between nanomateri-
als and bioconjugate chemistry, photothermal and photodynamic
therapies of cancer take new dimensions in the preclinical and
clinical scenario. Nanomaterials with well-defined size, shape,
composition, and surface functionalities offer multimodal and mul-
tifunctional platforms for cancer management - from detection to
curing both in vitro and in vivo. Strong absorption of electromag-
netic radiation in the visible to NIR regions followed by the intense
scattering of light or ejection of photons in the form of fluores-
cence makes the nanomaterials ideal for non-invasive bioimaging
without engrossing any ionizing radiation. Nevertheless, additional
imaging modalities can be crafted by involving nanomaterials or
molecules with strong magnetic dipole-moment or radio nuclei in
the nanomaterials formulations. While the photo-thermal conver-
sion efficiencies of nanomaterials can be optimized by the tuning of
their materials composition as well as size and shape, their abilities
to generate reactive oxygen intermediates by the photodynamic
process is either intrinsic or induced by certain photosensitizer
drugs. Among the various formulations discussed in this review,
nanomaterials based on gold, silica, semiconductors, polymers, and
carbon show great potentials to be further formulated into photo-
thermal and photosensitizer drugs for independent or combined
photothermal and photodynamic therapies of peripheral cancers
and certain infectious diseases. Some of the issues remaining in
the formulation of ultimate nanomedicines for phototherapy are
drug targeting and delivery, the clearance of nanomedicines or
their degradation products from the body, toxicity of many compo-
nents in the formulations, resources for NIR imaging and therapy,
accessibility to deeply buried tumors, and information about the
pharmacokinetics of the nanomedicine.
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