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Significant increase in the water dispersibility of zinc
phthalocyanine nanowires and applications
in cancer phototherapy

Hye Kyung Moon1, Minhyeok Son1, Ji Eun Park1, Seok Min Yoon1, Sang Ho Lee2 and Hee Cheul Choi1

The phototherapy is one of the widely accepted noninvasive clinical methodologies to eradicate cancer cells owing to its

minimal side effects and high selectivity to the light of specific wavelength. As represented by photodynamic (PD) and

photothermal (PT) therapy, the phototherapy requires light and photosensitizer to generate reactive oxygen species and heat,

respectively. Zinc phthalocyanine (ZnPc) is one of the promising photosensitizers as it has a strong absorption cross-section

in the spectral range of 650–900nm that guarantees maximum tissue penetration. One critical issue in using Pc molecule,

including ZnPc as a biocompatible sensitizer is the poor water solubility. To increase water solubility, various chemical

modifications inducing hydrophilicity have been widely attempted to introduce various functional groups in the ZnPc backbone.

We report that ZnPc nanowires (NWs) directly grown from ZnPc powder by vaporization–condensation–recrystallization process

show surprisingly increased water dispersibility without any functionalization. The ZnPc NW solution exhibits highly efficient

dual PD and PT effects upon the irradiation of near infrared (808nm) laser. The dual phototherapeutic effect of ZnPc NW is

proven to enhance cytotoxic efficiency according to both in vitro and in vivo experimental results.
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INTRODUCTION

Phototherapy, represented by photodynamic therapy (PDT) and
photothermal therapy (PTT), is an advanced modality for the treatment
of malignant tumors as it is widely used for clinical cancer treatments.
PDT selectively destroys neoplastic lesions using cytotoxic reactive
oxygen species (ROS) generated by light activation of the photosensi-
tizer.1,2 One of the crucial factors determining the PDT efficacy is the
photochemical and photophysical properties of the photosensitizer.3,4

Currently, four main classes of photosensitizer, such as porphyrin
derivatives, chlorins, porphycenes, and phthalocyanines (Pcs), have
been approved by the U.S. Food and Drug Administration (FDA) for
clinical applications against cancer.5,6 Among these, metallo-phthalo-
cyanine has attracted considerable interest, having a photodynamic
(PD) property that can be readily tuned by the type of central metal ion
and the functional groups introduced as a Pc ring substituent. Zinc
phthalocyanine (ZnPc) is known to exhibit a high PD effect as it
possesses a diamagnetic Zn(II) central metal ion whose d shell is fully
occupied, by which the yield of triplet excited state with long lifetime
essential for the generation of ROS becomes high.7 Moreover, ZnPc has

a large absorption cross-section of light at the tissue-penetrating spectral
range of 650–900 nm.7,8

The biggest hurdle for most photosensitizers, including ZnPc, for
PDT is the low physiological acceptance level owing to their
high hydrophobic characteristics responsible for the poor solubility
in a bodily fluid. To overcome this problem, ZnPc derivatives,
such as tetrasulfonated ZnPc (ZnPcS4),

9 [1,2,3,4-tetrakis(a/b-D-
galactopyranos-6-yl)-phthalocyaninato]zinc,10 tetra- and octa-
triethyleneoxysulfonyl substituted ZnPc,11 have been designed to
increase the water solubility. Various delivery vehicles including
liposome,12 emulsion13 and nanoparticles14 have also been
developed to transport water-insoluble photosensitizers to targets.
However, these approaches require multiple and complex chemical
functionalization steps, during which the photoactivity could be
reduced by destroying the original electronic conjugation system of
the photosensitizer.15 Another challenging issue is the realization of a
photosensitizer that exhibits both PD and photothermal (PT) effects
simultaneously to conduct dual synergistic phototherapy, which is
rarely found from a single photosensitizer.
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Herein, we report that water dispersibility of ZnPc significantly
increases as ZnPc molecules are self-crystallized into one-dimensional
nanowire (NW) crystals, even without any special functional groups
introduced. Upon irradiation with near infrared (NIR, l¼ 808nm) laser
light, the ZnPc NWs exhibit a PD property. Moreover, the ZnPc NWs
show a PT property that is known to be absent from ZnPc powder
(PW). The highly efficient dual PD and PT properties are examined
from both in vitro and in vivo experiments. Such a dual modality from a
single molecule has significant advantages for the development of
multifunctional molecular systems to grant a greater therapeutic efficacy.

MATERIALS AND METHODS

Synthesis of ZnPc NWs
ZnPc PW (0.05 g, Sigma-Aldrich, St Louis, MO, USA) was loaded in a ceramic

boat, which was located at the center of a quartz tube placed in an electrical

heating furnace system. A Si(100) substrate was placed at the end region of the

furnace. Before the reaction, the quartz tube was flushed with Ar gas at a flow

rate of 800 sccm for 5min to remove trapped ambient gases and then heated up

to 550 oC under steady Ar flow. The reaction was maintained for 40min for ZnPc

NW growth and then the sample was cooled to room temperature under Ar flow.

Characterization of ZnPc NWs
Thermogravimetric measurement was carried out using a thermogravimetry

analyzer (TG-2171, Cahn Instrument Inc., Cerritos, CA, USA). ZnPc PW

(5mg) was loaded and heated from room temperature to 1000 oC at a rate of

4 oC per min under Ar atmosphere. The morphology, chemical elements and

diffraction patterns were analyzed by scanning electron microscopy (SEM,

JSM-7410F, JEOL) and transmission electron microscopy (TEM, JEM 2100F,

JEOL, Tokyo, Japan). Au was sputtered on ZnPc NWs for SEM measurement.

Samples for TEM measurement were prepared by dropping an aqueous

solution of ZnPc NWs onto a carbon film-coated Cu grid. X-ray diffraction

patterns were obtained using an X-ray diffractometer (XRD, D/MAX-2500/PC,

RIGAKU, The Woodlands, TX, USA). For Fourier-transformed infrared (FT-

IR) spectroscopy, KBr pellets of ZnPc PW and ZnPc NWs were prepared, and

the FT-IR spectra were obtained using an FT-IR spectrophotometer (VERTEX

70, Bruker Optics, Ettlingen, Germany). The integrity of ZnPc NWs was

characterized by fast atom bombardment-mass spectrometry (FAB-MS, JMS

700 high-resolution mass spectrometer equipped with FAB ionization, JEOL)

and 1H nuclear magnetic resonance (NMR, DMSO-d6, FT-300MHz Bruker

Aspect 3000). The results of mass spectrum and NMR spectrum were shown

as: MS (m/z calculated, 576.079 [Mþ ]; found, 576.2 [Mþ ]), 1H NMR (ZnPc

PW: d 9.445–9.473 (dd, J1¼ 5.6, J2¼ 3, 8H ArH); d 8.274–8.302 (dd, J1¼ 5.6,

J2¼ 3, 8H ArH), ZnPc NW: d 9.445–9.474 (dd, J1¼ 5.7, J2¼ 3, 8H ArH); d
8.285–8.314 (dd, J1¼ 5.7, J2¼ 3, 8H ArH)).

Preparation and characterization of ZnPc NWs aqueous solution
A ZnPc NWs solution was prepared by adding ZnPc NWs collected from Si

substrates into water, followed by sonication for various times in a bath

sonicator (UC-10, JEIOTECH, Deajeon, Korea). The final solution was

transferred for the measurement of optical absorbance using a UV-vis

spectrometer (Agilent 8453 spectrophotometer, Agilent, Santa Clara, CA,

USA). The concentration of ZnPc NW solution was determined by measure-

ment of optical absorbance at 219nm. The calibration curve was made by

measuring the optical absorbance of a sequentially diluted solution at 219 nm.

The hydrodynamic sizes of ZnPc NWand PW were measured by dynamic light

scattering (Malvern Zetasizer Z, Worcestershire, UK).

Investigation of the water-dispersion of ZnPc NWs
ZnPc NWs (0.5mg) were solubilized in 2ml dimethylformamide (DMF), and

water was added to make a mixture solution at various ratios. The mixture

solution was examined for the shift of the Soret band by UV-vis spectroscopy.

X-ray photoelectron spectra (XPS) were acquired from the 8A1 beamline of

the synchrotron facility at Pohang Accelerator Laboratory, POSTECH. The

photon energy was 630 eV.

ROS detection of ZnPc NWs aqueous solution
The generation of ROS was monitored by Image-iT LIVE Reactive Oxygen

Species Kit based on H2DCFDA (Molecular Probes/Invitrogen, Eugene, OR,

USA), following the manufacturer’s protocol. Pre-seeded KB cells were incubated

with ZnPc NW solution (120mg l�1) for 18h at 37 1C with 5% CO2. After

washing the cells thoroughly with phosphate buffer saline (PBS), the cells were

irradiated with an 808nm laser. H2DCFDA (10mM) was added to the cells and

were incubated at 37 1C for 30min. H2DCFDA is a fluorogenic marker for ROS,

which permeates live cells and is deacetylated by intracellular esterases. In the

presence of ROS, the reduced fluorescein compound is oxidized and emits bright

green fluorescence. Fluorescence intensity was measured at 529nm using a

fluorescence spectrometer (Cary Eclipse, Varian, Mulgrave, VIC, Australia).

Examination for PT effect of ZnPc NWs aqueous solution
The ZnPc NW solution and zinc phthalocyanine tetrasulfonate (ZnPcS4)

solutions at various concentrations (60, 80, 120mg l�1) were irradiated using a

660/808nm laser (diode laser, JENOPTIK unique-mode GmbH, Jena, Thuringia,

Germany) at 3Wcm�2. The temperature of each solution was measured with a

thermocouple connected temperature controller (Hanyoung, Seoul, Korea) at

20-s intervals for a total of 3min. Three sets per each solution were measured.

Observation of intracellular internalization of ZnPc NWs
As ZnPc shows characteristic Raman bands at 1336, 1506 cm�1 corresponding to

pyrrole stretching modes, the intracellular internalization of ZnPc NWs was

directly identified by confocal Raman spectroscopy. Human epidermoid mouth

carcinoma KB cells were cultured in RPMI 1640 medium supplemented with

10% fetal bovine serum and 1% penicillin/streptomycin (all reagents from

Hyclone, Logan, UT, USA) at 37 1C in a humidified atmosphere with 5% CO2.

The KB cells were seeded on a glass cover slip in 24-well plates for 18h at a

density of 1� 105cells per well in 1ml of medium. The medium was replaced

with fresh media and the cells were incubated with 50mg l�1 ZnPc NW solution

for 12h at 37 1C under 5% CO2 atmosphere. After incubation, the cells were

thoroughly rinsed with PBS, then a cell-seeded cover slip was placed on a glass

slide for the measurements. The pyrrole stretching band was measured using a

Raman spectrometer (laser excitation wavelength of 532nm, 3mW power, 100�
objective, 0.3 s integration time, confocal mode, Alpha 300R, Witec, Ulm,

Germany). Raman mapping images were collected at 2-mm intervals.

In vitro antitumor effect of ZnPc NWs aqueous solution
Pre-incubated human KB cells (0.5� 105 cellsml�1) were incubated with

ZnPc NW solution (120mg l�1) for 18h at 37 1C with 5% CO2. After

incubation, cells were rinsed with PBS followed by irradiation with an 808 nm

laser at 3Wcm�2 for 5min. Trypan blue was used to stain the dead cells. Cell

viability was determined by CellTiter A96 (Promega, Fitchburg, WI, USA)

assay. Each cell samples were treated with tetrazolium compound (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-

razolium, inner salt; MTS) and electron coupling reagent (phenazine meth-

osulfate; PMS) and incubated for 2 h at 37 1C with 5% CO2. Absorbance at

490nm was measured to determine the concentration of formazan, which was

bioreduced from MTS by metabolically active and viable cells.

In vivo antitumor effect of ZnPc NWs aqueous solution
The KB cells (1� 107 cells) were inoculated into the back of male BALB/c mice

(n¼ 4, 5-to 6-week-old). When the tumor volume reached approximately

70mm3, the mice were intratumorally injected with ZnPc NW solution

(100ml, 120mg l�1) and immediately irradiated with an 808nm laser (3Wcm�2,

3min) under ether anesthesia. The tumor size was measured every 3days. All

procedures for in vivo experiments were performed in accordance with the

Pohang University of Science and Technology guidelines on animal care and use.

Histological assessment of tumor tissue
Mice were euthanized 24h after all treatment, and tumor tissues of each group

were resected and fixed overnight in 4% paraformaldehyde solution. Tumor

tissues were then embedded in paraffin after tissue processing. Paraffin sections

were mounted on a glass slide for histological assessment with hematoxylin
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and eosin staining, and with terminal deoxynucleotidyl transferase biotin-

dUTP nick-end labeling (TUNEL assay, Calbiochem, San Diego, CA, USA) to

detect apoptotic or necrotic cells.

RESULTS AND DISCUSSION

The ZnPc NWs were synthesized by the vaporization–condensation–
recrystallization (VCR) process using ZnPc PWas a precursor.16,17,18,19

During the reaction, ZnPc PW placed at the center of a tube-type
heating furnace was vaporized at 550 1C, and ZnPc vapors were
delivered by Ar gas downstream where a small piece of Si wafer was
located (Figure 1a). The ZnPc vapors were condensed on the Si wafer
as the substrate temperature was naturally lowered to 180 1C, at which
one-dimensional ZnPc NWs grow. The overall reaction time was
40min, and the vaporization of ZnPc PW at 550 1C was confirmed by
thermogravimetric analysis (Supplementary Figure S1). A representa-
tive SEM image of the as-grown ZnPc NWs is shown in Figure 1b. The
diameter and length of ZnPc NW ranges from 50 to 100nm, and 1 to
10mm, respectively.
The crystal structure of ZnPc NW was characterized by X-ray

powder diffraction (XRD) and high-resolution transmission electron

microscopy (HR-TEM) with selected area electron diffraction (SAED)
data. The XRD results reveal that ZnPc NW has an a-form, whereas
the original ZnPc PW has a b-form according to the JC-PDS cards No.
21-1986 and 39-1882. One of the characteristic XRD peaks of ZnPc is
the (200) peak. While the b-form ZnPc PW shows d(200)¼ 7.24 Å (at
2y¼ 12.221), the a-ZnPc NW shows d(200)¼ 12.6 Å (at 2y¼ 7.011),
which agrees well with previously reported values from a-ZnPc bulk
crystal and thin film20,21,22,23 (Figures 1c and d).24 The FT-IR
spectroscopy results further confirm the genuineness of the a-form
of ZnPc NW as it displays a fingerprint-bending mode of C–H at
724 cm�1 together with the vibrational mode of the center cyclic ring
at 773 cm�1 (Supplementary Figure S2).25,26 Note that ZnPc NW
samples are collected from multiple reaction batches for the PW XRD
measurements.
The HR-TEM images shown in Figures 1e and f clarify that ZnPc

NW has well-defined crystalline lattices parallel to the growth
direction. The single crystallinity is confirmed from a SAED pattern
that exhibits individual diffraction spots (inset in Figure 1e). The
(002) lattice spacing of 1.14nm (Figure 1f) agrees well with the XRD
result (d(002)¼ 11.5 Å at 2y¼ 7.661). The individual lattice lines ((200)
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Figure 1 Morphology and structure of ZnPc NW. (a) Schematic view of the VCR process growing ZnPc NWs. (b) Representative SEM image of ZnPc NWs

grown at 550 oC for 50min by the VCR process. (c, d) XRD patterns of ZnPc (a-form) collected from Si(100) substrate, and ZnPc PW (b-form), respectively.

(e) High resolution TEM image of an isolated single ZnPc NW grown along the [010] direction. (Inset) SAED pattern of the ZnPc NW with [100] projection.

(f) Magnified view of the yellow outlined box in (e). The interplanar spacing of lattice image is about 1.14nm. (g) Schematic view of the crystal structure of

ZnPc NW in projection along the a-axis. (Left) Zinc planes are highlighted in red, corresponding to the array of Zn(II) ion in NW. (Right) Molecular structure

of ZnPc.
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planes along the [100] direction) correspond to linear Zn metal ion
arrays as depicted by the red lines in the scheme (Figure 1g). The
growth of ZnPc NW follows the direction of self-assembly of ZnPc
molecules (along the [010] direction) via p–p stacking, so (200)
planes are parallel to the growth direction.21,27 Indeed, when as-grown
ZnPc NWs on a Si substrate are examined, only a single XRD peak
from (200) planes appears because most of the ZnPc NWs prefer to
lay down on the substrate with (200) planes parallel to the substrate
(Supplementary Figure S3). The structure of our ZnPc NW is closely
comparable to the previously reported CuPc nanowire.28

The preservation of molecular structure of ZnPc in ZnPc NW
without any skeletal destruction during the VCR process was
confirmed by mass spectroscopy and nuclear magnetic resonance
(NMR) spectroscopy. The mass spectra display basically identical
chemical compositions for both ZnPc NW and PW as the intense
peak at 576.2m/z, corresponding to the exact mass of ZnPc
(576.079m/z), appears from both samples (Supplementary Figure
S4). The proton (1H) NMR spectrum of the ZnPc NW further proves
that the ZnPc NW contains pure ZnPc without any structural change
(Supplementary Figure S5).29

The as-grown ZnPc NW disperses well in water with mechanical
agitation by sonication (Figure 2a top row). The degree of dispersion
of ZnPc NW in water gradually increases as a function of sonication
time, which is easily noticed by the color change of the solution from
transparent pale blue to dark blue. The successive change in length of
ZnPc NW upon sonication that is responsible for the increased water
dispersibility is visualized by TEM images (Figure 2a middle row).
After sonication for 40min, most of the ZnPc NWs become
nanoparticulates having truncated structures that range from 60 to
90nm (Figure 2a middle row, Supplementary Figure S6). Note that
ZnPc NWs ranging from 50 to 100 nm are still present but at low
concentration (inset of third TEM image in Figure 2a). The ZnPc NW
aqueous solution is highly stable at room temperature as it stays for
over three months without any aggregation. The ZnPc PW sonicated
in water, on the other hand, precipitates in a short period of time

(Figure 2b). The maximum concentration of the ZnPc NW solution
(B120mg l�1) is eight times higher than that of the ZnPc PW
solution (B16mg l�1).
The dispersion of ZnPc NW in water should involve the preferred

adsorption of water molecules to ZnPc NW. The preferred interaction
of water on ZnPc NW over ZnPc PW was confirmed by Fourier
transformed infrared (FTIR) spectroscopy and X-ray photoelectron
spectroscopy (XPS) (Supplementary Figure S6). Upon exposure of
both samples in air (humidity¼ 30%) for 2 h, ZnPc NW shows the
O-H vibrational band from the water molecule at 3600–3300 cm�1,
which is absent for ZnPc PW (Supplementary Figure S7a).30 The
XPS survey spectra data also exhibits the O1s peak at 533 eV
corresponding to the O in water31,32 only from ZnPc NW. The O1s
peak disappears when the sample is vacuum annealed (Supple-
mentary Figure S7b).
The preferred adsorption of water to ZnPc NW occurs through

hydrogen bonding of water to the N atoms in ZnPc and coordination of
water to the Zn(II) ion in ZnPc. Although the hydrogen bonding of
water to N atoms in ZnPc is easily agreed, the coordination of water to
Zn(II) ions still needs to be confirmed. Therefore, the coordination
power of water molecules to the central Zn(II) ion was examined by
adding water into a DMF solution of ZnPc NW at various volume
ratios. The UV-vis spectrum of pure ZnPc NW/DMF solution shows
characteristic Soret and Q bands at 343nm and 669nm, respectively.
Upon increase of water fraction, the Soret band gradually shifts to
higher energy (up to 330nm), and the solution color changes from
green to blue (Supplementary Figure S8). The blue shift of the Soret
band implies that DMF molecules pre-coordinated to the Zn(II) ion are
replaced by water molecules that have stronger coordination power.33

Considering that both hydrogen bonding and coordination of
water to Zn(II) ion interactions are equally applicable to both ZnPc
PW and NWs, there must be another critical factor that induces
higher dispersibility of ZnPc NW over ZnPc PW, and it is the crystal
structure. As shown in Figure 2c, all of the hydrogen bonding and
water coordination sites are freely available in a-form ZnPc NW. On

Zn HC N
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Sonication

(40 min)
Sonication

(5 min) 

b axis

ZnPc H2O
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Figure 2 Increased water-solubility of ZnPc NW. (a) Dispersion of ZnPc NW in water and the effect of sonication. (Top row) Photographs of ZnPc NWs

dispersed in water. (Middle row) TEM images of ZnPc NWs. The ZnPc NWs become shortened during sonication, leading to truncated structures. (Inset of

third image) Shortened ZnPc NWs ranging from 50 to 100nm are sparsely distributed in solution. The scale bar is 400nm. (Bottom row) Schematic

representation of the increased chance of an interaction between water and the ZnPc unit with longer sonication time. The blue dashed lines indicate the

hydrogen bonding between hydrogen atoms of water molecule and nitrogen atoms of ZnPc. (b) Photographs showing the stability of ZnPc PW and ZnPc NW

in water. (c) Superposition of ZnPc molecules along the b axis in a-form and b-form polymorphic structures.
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the other hand, all Zn(II) ions in b-form PW are pre-coordinated to
the framework nitrogen atoms of neighboring ZnPcs, resulting in the
loss of both Zn(II) and N interaction sites. Note that this is the main
reason for the high stability of b-ZnPc PW. To further prove the effect
of crystal structure on the water dispersibility of ZnPc NW and ZnPc
PW, we performed control experiments to compare water dispersi-
bilities of ZnPc NW and ZnPc PW that have similar sizes. If the
crystal structure has nothing to do with the increased dispersibility of
ZnPc NW, both samples should show similar hydrodynamic sizes in
water with similar dispersity levels. The hydrodynamic sizes of both
dispersed solutions measured by dynamic light scattering right
after the sonication are quite similar as the data shows 85.99 nm for
ZnPc NW and 89.80 nm for ZnPc PW (Supplementary Figure S9).
However, ZnPc PWs measured after 1 h shows a very high
polydispersity index value (0.918) due to their aggregation and
precipitation. On the contrary, ZnPc NWs are still stable showing a
similar size distribution. These results clearly prove that the increased
water dispersibility of ZnPc NW arises from the fundamental
difference of the polymorphic structure rather than just size.
Meanwhile, hydrogen bonding seems to have a more important

role for the dispersibility increase compared with the water

coordination to Zn(II), as metal-free phthalocyanine NWs also show
a greatly enhanced water solubility (Supplementary Figure S10).
The photoeffect of highly water-dispersible ZnPc NW was exam-

ined for the application of cancer phototherapy. Metallo-phthalocya-
nine generates either ROS or thermal energy upon light illumination
in the NIR region depending on the electronic configuration of the
central metal. When a central metal possesses d0 or d10 (closed shell,
like Zn(II)) electronic configuration, the triplet excited state has a
long lifetime sufficient to be involved in the generation of ROS (PD
effect). On the other hand, metallo-phthalocyanine having central
metals of which the d orbitals are not completely occupied (open
shell, like Ni(II), Co(II), and so forth) shows low PD effect, but rather
exhibits fast conversion of excited electronic energy to the vibrational
mode, resulting in a PT effect.34 Because the required conditions of
the electronic energy states of photosensitizers for PD and PT
effects mutually conflict, it is difficult to realize photosensitizers
that exhibit both photoeffects simultaneously. To enable such a dual
phototherapy, composites containing two components generating
PD and PT effects have been suggested. Examples include a
ZnPc-encapsulated carbon nanohorn35 and an indocyanine green-
conjugated gold nanorod.36

Figure 3 Dual photoeffect of ZnPc NW. (a) Fluorescence microscopy images of KB cells to detect oxidative stress using Image-iT LIVE Reactive Oxygen

Species (ROS) Kit. (Top left) KB cells untreated, (top right) irradiated with NIR (808nm, 3 Wcm�2), (bottom left) treated with ZnPc NW solution

(120mg l�1), (bottom right) treated with ZnPc NW solution (120mg l�1) followed by irradiation with NIR (808nm, 3 Wcm�2). The cells showing green

fluorescence color represent oxidatively stressed cells affected with ROS. (b) Relative fluorescence intensity of each group. Data are expressed as mean±s.d.
(n¼3, triplicate). (c) UV-vis spectra of ZnPc NW solution (red line) and ZnPcS4 solution (blue line). High absorptions of ZnPc NW solution (at 600, 800

nm) and ZnPcS4 solution (at 630 nm) in the NIR region are observed. (Inset) A photo of ZnPc NW solution (blue, left) and ZnPcS4 solution (aqua green,

right). (d, e) Temperature changes of ZnPc NW and ZnPcS4 in water at various concentrations, respectively, upon NIR irradiation (660nm, 3Wcm�2). (f)

Temperature changes of pure water upon NIR irradiation (660 nm and 808nm, 3Wcm�2) for 3min. (g, h) Temperature changes of ZnPc NW and ZnPcS4 in

water at various concentrations, respectively, upon NIR irradiation (808nm, 3Wcm�2) for 3min. Data are shown as mean±s.d. (n¼3, triplicate).
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Interestingly, the ZnPc NW shows both PD and PT effects upon
NIR illumination. The PD activity of ZnPc NW is proven by detecting
ROS generated from human epidermoid mouth carcinoma KB cells
containing ZnPc NWs upon illumination with NIR (l¼ 808 nm)
laser light. The ROS production was assessed using Image-iT LIVE
Reactive Oxygen Species Kit (Molecular Probes/Invitrogen).37 This
assay is based on 5- (and 6-)-carboxy-2070-dichlorodihydrofluorescein
diacetate (carboxy-H2DCFDA) as a fluorogenic marker for ROS
permeated viable cells, and deacetylated by nonspecific intracellular
esterase. In the presence of ROS, the reduced carboxy-H2DCFDA is
supposed to be oxidized to emit bright green fluorescence. Therefore,
the oxidatively stressed cells by ROS could be recognized by green
fluorescence. To compare the effect of ZnPc NW, commercially
available ZnPcS4 specially designed to increase water solubility, was
tested. As shown in Figures 3a and b, untreated cells, ZnPc NW-
treated cells, ZnPcS4-treated cells, and NIR-treated cells show negli-
gible production of ROS. However, ZnPc NW and NIR-treated cells
show substantially high green fluorescence intensity. These results
clarify that ZnPc NW excited with NIR is responsible for the
generation of ROS.
The PT property was then examined by monitoring temperature

changes of aqueous ZnPc NW solutions (60, 80, 120mg l�1) upon
light illumination at two different wavelengths (l) of 660 nm, at
which highest absorption occurs, and 808 nm, at which most
biological systems become transparent,38 at the power of 3 W/cm2.
The temperatures of both ZnPc NW and ZnPcS4 solutions increase
upon illumination of light (l¼ 660 nm) from room temperature to

about 40 1C, which is proportional to the concentration (Figures 3d
and e). When 808 nm laser irradiation is used, however, only ZnPc
NW solution (120mg l�1) shows temperature increase up to 46 1C
(Figure 3g), whereas pure water and ZnPcS4 solution show negligible
temperature changes (Figures 3f–h). Note that there is no
photobleaching effect during irradiation for 10min (Supplementary
Figure S11).
The emergence of an unprecedented PT property from ZnPc NW

seems to be attributed to the change of electronic energy state of ZnPc
upon its self-assembly via p–p stacking. As briefly mentioned,
monomeric of ZnPc has PD activity due to its long-lived triplet
states. However, stacking of ZnPc molecules via p–p interaction
causes transfer of the triplet excitation energy, resulting in a shortened
triplet state lifetime together with an increased probability of non-
radiative relaxation. This then leads to thermal energy release, which
is known as long-range migration of triplet excitation, resulting in
triplet–triplet annihilation.39 Note that the Q-band broadening in
ZnPc NW is also attributed to p–p interactions among Pc rings
(Figure 3c).
The ZnPc NW solution was then examined for cellular uptake and

synergic phototherapy of cancer. The ZnPc NW solution was treated
with KB cells to examine its cellular uptake. Confocal microRaman
spectroscopy was used to track ZnPc NW in the cell using both
spectroscopy and imaging modes. Figure 4a shows characteristic
Raman spectra of as-grown ZnPc NW and its aqueous solution. Both
Raman spectra exhibit distinct pyrrole stretching bands at 1336 and
1506 cm�1, which are used as reference signals.40 After incubating KB

Figure 4 Intracellular internalization of ZnPc NW. (a) Raman spectra of ZnPc NW grown on Si substrate (black line) and ZnPc NW aqueous solution (red

line). (b) Raman spectra from original KB cells (black line) and from KB cells treated with ZnPc NW solution (red line). The characteristic Raman features

(1336 and 1506cm�1) corresponding to the pyrrole stretching mode of ZnPc are indicated by (a) and (b). (Inset) Optical microscope image of a glass plate

on which KB cells treated with ZnPc NW solution are placed. The scale bar is 4mm. (c) Confocal spectral images mapped with the peak intensities of I and

II in (b). The vertical scan step (depth) is 2 mm. The color brightness depends on the peak intensity. The scale bar is 4mm.
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cells in ZnPc NW solution (50mg l�1) for 12 h, the cells show both
pyrrole stretching bands, although both bands are completely absent
from the untreated cell (Figure 4b). The confocal spectral images
mapped with both bands (I and II in Figure 4c) confirm that ZnPc
NWs are not adsorbed on the cell surface, but certainly uptaken into
the cell (Figure 4c).
The synergic phototherapeutic effect of ZnPc NW on cancer-cell

destruction was studied by measuring the cell viability using a
colorimetric MTS assay. Although the untreated and only ZnPc
NW-treated cells show high viability (Figure 5a top), the cells treated
with ZnPc NWs followed by NIR (l¼ 808 nm) illumination are
stained with trypan blue indicating cell destruction (Figure 5a bottom
left). After 24 h of the treatment, the cell destruction is more obvious
(Figure 5a bottom right). Note that the cells treated with ZnPc NW
and NIR initially generate some bubbles around the cell surface
(Figure 5a bottom left). This phenomenon implies that cells are
oxidatively damaged, which is similar to the case when the cells are
treated with H2O2 (data not shown). The statistical data indicates that
the viability of the cells treated with ZnPc NW and NIR decreases
more than 50% compared with the untreated one, which is lower
than other parallel sets of control groups, including the cells treated
with ZnPcS4 and NIR (Figure 5b).
On the basis of the in vitro experiment results, we performed

in vivo experiments to evaluate phototherapeutic efficacy of ZnPc NW
using a tumor-bearing mouse model. The experimental setup is

shown in Figure 5c. When the tumor size reached approximately
70mm3 (Figure 5c top), ZnPc NW solution was introduced to the
tumor region via intratumoral injection, then immediately illumi-
nated with the same NIR laser (808 nm) at a power density of 3
Wcm�2 for 3min (Figure 5c middle). Figure 5d shows the tumor
growth rates measured from different treatment groups. It is remark-
able that the solid tumor is completely eradicated from the mouse
treated with both ZnPc NW and NIR (Figure 5c bottom and
Figure 5d triangle), whereas all other control groups show continuous
growth of tumor. The reliability of the phototherapeutic effect of
ZnPc NW was confirmed by observing similar reproducible results
from four different batches. The damage to tumor tissue was further
confirmed by histological assessment. The hematoxylin and eosin
staining results reveal the characteristics of dead cells, such as cell
shrinkages, nucleus loss and considerable karyolysis41 in the tumor
tissue treated with ZnPc NW and NIR (Supplementary Figure S12a).
Moreover, a TUNEL assay, identifying necrotic or apoptotic cells,
exhibits obvious brown color from most parts of the cell treated
with ZnPc NW and NIR, which indicates extensive cell death
(Supplementary Figure S12e). On the other hand, other control
groups show robust and viable tumor cells remained (Supplementary
Figures S12 b-d, f-h).
In summary, the one-dimensional ZnPc NWs grown from ZnPc

PWs by the VCR process have a-form crystal structure, and exhibit
substantially increased dispersibility in water. The increased
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Figure 5 Synergic phototherapy of cancer using ZnPc NW. (a) Bright-field microscopy images of KB cells. (Top left) Untreated, (top right) treated with ZnPc

NW solution (120mg/L), (bottom left) treated with ZnPc NW solution (120mg/L) followed by irradiation with NIR (808nm, 3Wcm�2), (bottom right) 24h

after phototreatment. The cells are stained with trypan blue, and the dead cells are observed in blue. The scale bar is 4mm. (b) Quantified KB cell viability

from various groups. Data are expressed as mean±s.d. (n¼3, triplicate). (c) Photographs of in vivo phototherapy experiments. (Top) Mouse xenografted

with KB tumor cells (tumor size is ca. 70mm3). (Middle) Irradiation with NIR (808nm, 3Wcm�2) on to the tumor region where ZnPc NW solution

(120mg l�1, 200ml) is intratumorally injected. (Bottom) Twentydays after phototreatment: the mouse is healthy and not showing any abnormal behaviors.

(d) The average tumor volume is plotted against time. The tumor volume is recorded three times a week. Data are expressed as mean±s.d. (n¼4,

quadruplicate). Only the group treated with both ZnPc NWþNIR shows significant inhibition of tumor growth compared with untreated, ZnPc NW,
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dispersibility of a-ZnPc NW attributes to its crystal structure
providing increased chances for water to interact more with ZnPc
NWover b-form ZnPc PW through hydrogen bonding (H of water to
N) and coordination of water (water to Zn(II)). Although the original
ZnPc photosensitizer has only a PD property, ZnPc NWexhibits dual
PD and PT properties, as both in vitro and in vivo phototherapeutic
experiments against KB cancer cells demonstrate successful eradica-
tion of cancer cells. We believe that our results will open a new
strategy on designing the next generation photosensitizers for cancer
phototherapy.
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