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P
hotodynamic therapy (PDT) is a ther-
apeutic modality that employs a

photosensitizer (PS), an appropriate

excitation light, and oxygen molecules for

local treatment of diseases. Although PDT

has emerged as a viable treatment option

for early stage cancer and an adjuvant for

surgery in late-stage cancer, some obstacles

in clinical adoption of PDT still persist.1�4

One of the major challenges is the inacces-

sibility of visible light to the deep-seated

tumors. This drawback is caused by irradiat-

ing currently approved photosensitizers

(PSs) below700nm,where light penetration

is only a few millimeters from tissue surface.

Another limitation is the difficulty in formulat-

ing PS in physiological mediums because of

their high lipophilicity. In addition, the poor

selectivity of conventional PSs for the tar-

geted pathologic sitesminimizes PDT efficacy

in vivo and increases the potential phototoxi-

city tonormal tissues. To improvecurrentPDT,

it is important to optimize the solubility of PS

molecules in aqueousmediumsandshift their

excitation wavelength to the near-infrared

(NIR) range for deep tissue treatment.
Recent developmentof upconversionnano-

particles (UCNPs) capable of converting
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ABSTRACT

Two major challenges of current photodynamic therapy (PDT) are the limited tissue penetration of excitation light and poor tumor-selectivity of the

photosensitizer (PS). To address these issues, we developed a multifunctional nanoconstruct consisting of upconversion nanoparticles (UCNPs) that

transform near-infrared (NIR) light to visible light and a photosensitizer zinc(II) phthalocyanine (ZnPc). Folate-modified amphiphilic chitosan (FASOC) was

coated on the surface of UCNPs to anchor the ZnPc close to the UCNPs, thereby facilitating resonance energy transfer from UCNPs to ZnPc. Confocal

microscopy and NIR small animal imaging demonstrated the enhanced tumor-selectivity of the nanoconstructs to cancer cells that overexpressed folate

receptor. Reactive oxygen species (ROS) generation in cancer cells under a 1-cm tissue was higher upon excitation of UCNPs with the 980 nm light than that

with 660 nm irradiation. In vivo PDT treatments for deep-seated tumors demonstrated that NIR light-triggered PDT based on the nanoconstructs possessed

remarkable therapeutic efficacy with tumor inhibition ratio up to 50% compared with conventional visible light-activated PDT with a noticeable reduced

tumor inhibition ratio of 18%. These results indicate that the multifunctional nanoconstruct is a promising PDT agent for deep-seated tumor treatment and

demonstrate a new paradigm for enhancing PDT efficacy.
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NIR light into UV�visible light has remarkably facili-
tated the delivery of light to deep tissue and allowed
the use of PDT to treat lesions that were not accessible
to visible light. UCNP-based PDT agents require the
attachment of an appropriate PS with an excitation
band matching the emission of the UCNP.5�7 Upon
excitation of the UCNPs with the NIR light, the ensuing
fluorescence resonance energy transfer (FRET) to the
attached PS produces cytotoxic reactive oxygen spe-
cies (ROS) that kills the surrounding cells.8,9 Unlike the
current PDT method, the NIR-to-visible UCNP-based
PDT nanoconstruct has several advantages, including
(i) the use of NIR irradiation (700�1000 nm) for deep
tissue treatment, (ii) reduced autofluorescence, which
improves signal-to-noise ratio and noninvasive detec-
tion sensitivity, and (iii) the higher hydrophilicity and
selectivity of PSs by their encapsulation into UCNP-
based targeted carriers without the need for structural
modification of PS molecules.
Recently, many nanostructured systems have been

used to deliver hydrophobic PSs to tumors.10�14 These
delivery systems enable selective accumulation of PSs
within tumors in therapeutic concentrations by passive
or active targeting, with little or no uptake by non-
tumor cells. Among them, polymer or silica modified
UCNP-based PDT nanocomplexes have served as both
PS carriers and light transducer to PS.15�18 In this study,
a chitosan derivative was used to modify the surface
of the hydrophobic UCNPs and efficiently trap the
PSs for FRET-mediated PDT. In addition to good bio-
compatibility, chitosan is also biodegradable and pro-
vides a hydrophilic environment for solubilizing the
nanoconstructs.
Three common strategies used to incorporate PS to

UCNP are physical encapsulation, physical adsorption,
and covalent conjugation.16�19 The physical adsorp-
tion method suffers from low loading capacity and
premature release of PS from UCNP during the circula-
tion in the blood. Although covalent conjugation of PS
to UCNP can effectively eliminate the leakage of PS
from UCNPs and ensure energy transfer efficiency
between PS and UCNP, it has not yet been used for
in vivo PDT because of the limited drug loading
capacity. In a recent report, physical adsorption of
Ce6 onto the UCNP and chemical conjugation of Ce6
to UCNP were combined to maximize the loading of
Ce6 on the UCNPs and the PDT efficiency.18 On one
hand, this combined method can increase the loading
capacity of PSs to UNCPs compared with the covalent
conjugation itself. On the other hand, chemical con-
jugation may reduce the leakage of Ce6 from the
nanoparticle and shorten the distance between Ce6
and UCNPs which can maximize the FRET efficiency.
Physical encapsulation to load PSs onto the UCNPs
through hydrophobic interaction has been demon-
strated to possess the highest drug loading capacity
(8�10 wt %) until now.15,17 However, the higher

loading capacity of PSs does not guarantee a better
PDT efficiency because an optimized concentration
of PSs exists. Here, we loaded hydrophobic ZnPc into
the hydrophobic layer of FASOC-UCNPs by physical
encapsulation and controlled the loading amount of
ZnPc to get a reasonable PDT efficiency.
Diverse UCNP-based PDT agents have been devel-

oped for in vivo cancer treatment. However, only a few
of themwere utilized for in vivo PDT treatment through
intratumoral injection. This inefficient route of admin-
istration was needed to obtain higher PDT efficiency
and fewer side effects because of the limited tumor
specificity and selectivity of previously reported
UCNPs.17,20 Unfortunately, local injection of PDT agents
does not disperse the nanoparticles uniformly in the
tumor and this technique is less efficient for tumors in
deep tissue. Since the passive targeting of UCNP-based
PDT nanoparticles is not adequate for in vivo PDT
treatment through systemic administration, the mod-
ification of active targeting ligands to the nanocom-
plexes is urgently needed to increase local concen-
tration of PSs in tumors and avoid side effects. This can
be achieved by the use of folic acid (FA), which has
a high affinity to folate receptor (FR) overexpressed
in diverse cancer cells. The demand for FA markedly
increases during cellular activation and proliferation in
malignant tumors. Previous studies have shown that
glycosyl-phosphatidylinositol-anchored FR mediates
the selective uptake of folate derivatives into the target
cells by endocytosis. Importantly, the recycling of
FRs in the target cells allows the regenerated receptor
to capture and internalize additional FA derivatives
into cells.21 In this work, we applied the FA-modified
chitosan (FASOC) to coat UCNPs and encapsulate PSs
to constitute a PDT system for deep-tissue treatment.
The tumor-targeted FASOC-modified upconversion nano-
construct (FASOC-UCNP) loaded with ZnPc is designed
to selectively accumulate in tumors and to activate the
adjacent ZnPc, producing photodynamic therapeutic
effects after NIR irradiation.

RESULTS

Synthesis and Characterization of UCNP-Based PDT System.
The oleic acid-capped NaYF4:Yb,Er (OA-UCNPs) was
synthesized by a solvothermal method in high boiling
1-octadecane solvent.22 Separately, the FA carboxyl
group was conjugated to the amino groups of the
amphiphilic N-succinyl-N0-octyl chitosan (SOC). The
resulting FASOC was subsequently coated on the sur-
face of UCNPs via hydrophobic interaction between
the octadecyl groups of OA-UCNPs and octyl groups of
FASOC (Figure 1A) to produce a water-soluble nano-
construct. Finally, ZnPc photosensitizer was loaded
into the FASOC layer of the UCNP core through hydro-
phobic interaction. Upon 980 nm NIR light irradiation,
the red emission (660 nm) from UCNP activated the
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trapped ZnPc to generate cytotoxic ROS through FRET
from UCNP (donor) to ZnPc (acceptor). Meanwhile, the
green upconversion luminescence (UCL) from the
nanoconstruct can be used for cell imaging. The size
of the UCNP-based core/shell nanoconstruct was mea-
sured by dynamic light scatter (DLS) and transmission
electron microscope (TEM) (Figure 1B). The inner
OA-UCNP core (dark color) was∼35 nm and the overall
size of the ZnPc-loaded FASOC-UCNPs was approxi-
mately 50 nm in diameter after being coatedwith FASOC
as observed in the TEM images (inset). Particle size
distribution of FASOC-UCNP on the basis of number-
average was ∼52.8 nm as determined by DLS mea-
surement. Fourier transform infrared (FTIR) spectra
(Figure 1C) showed a new peak at 1607 cm�1 for
FASOC-UCNP, which was assigned to the �CdN
stretching vibration of the pterin ring of FA molecules.
This demonstrated the existence of FA in the nano-
construct. A stable transparent solution was obtained
by dispersion of the FASOC-coated UCNPs in aqueous
medium (Figure 1D). Formation of a green transparent
solution of the ZnPc-loaded nanoconstructs confirmed
the entrapment of ZnPc molecules in the FASOC-
UCNPs (Figure 1E).

The distinct absorption spectra of different compo-
nents in the nanoconstruct further supported the con-
jugation of FA on the nanoconstruct (Figure 2A). After
modifying FA ligands, new absorption peaks appeared
at 280 and 360 nm, which coincide with the absorption

bands of free FA. A similar spectral analysis of FASOC-
UCNP-ZnPc showed an obvious absorption band from
600 to 750 nm (Figure 2B), assigned to the absorption
of ZnPc, which overlapped with the red emission from
NaYF4:Yb,Er UCNPs peaked at 660 nm. The maximum
absorption peak of free ZnPc in ethanol centered at
670 nm, but themaximumabsorption of FASOC-UCNP-
ZnPc varied in aqueous solution at different con-
centrations of ZnPc loaded in the nanoconstructs.
The maximum absorption of FASOC-UCNPs loaded
with 150 μg/mL ZnPc was ∼670 nm. By contrast, the
maximum absorption of FASOC-UCNPs loaded with
250 μg/mL ZnPc was∼610 nm, suggesting that excess
amount of ZnPc in the nanoconstructs form aggre-
gates in aqueous solution. For subsequent in vivo

imaging, a NIR fluorescent dye ICG-Der-01 (Cypate;
Figure 2E) synthesized in our lab and the chemical
structure of ICG-Der-01was encapsulated in the FAS-
OC-UCNPs.23 Spectral analysis showed that the result-
ing FASOC-UCNP-ICG possessed an absorption band
from 700 to 830 nm. As shown in Figure 2C, FASOC-
UCNPs emitted green (540 nm) and red (660 nm) UCL
fluorescence under 980 nm excitation. The surface
modification by FASOC slightly decreased the UCL
emissions of UCNPs. Since ZnPc absorption overlaps
with the redUCL emission fromUCNP, the red emission
of FASOC-UCNPs was significantly quenched after
loading 400 μM ZnPc, suggesting FRET from UCNP to
ZnPc (Figure 2C). Thus, the UCL of UCNPs was capable

Figure 1. Synthesis and characterization of FASOC-UCNP nanoconstruct. (A) Schematic of the synthesis of FASOC-UCNP-ZnPc
nanoconstruct and folate-mediated binding of tumor cells with folate receptor expression; (B) particle size of the prepared
nanoconstruct by DLS and TEM measurement; (C) Fourier transform infrared (FTIR) spectra of OA-UCNP, SOC, and FASOC-
UCNP; (D) photos of FASOC-UCNP, and (E) ZnPc-loaded FASOC-UCNP in PBS under ambient light.
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of activating the ZnPc to produce cytotoxic ROS (such
as singlet oxygen, superoxide anions and hydroxyl
radicals) for tumor treatment. Interestingly, the loaded
ZnPcmolecules could emit red fluorescence at 670 nm
upon 610 nm irradiation, which can be fully utilized in
confocal fluorescence imaging. Additionally, the NIR
emission from ICG centered at 840 nm was detected
when FASOC-UCNP-ICG was exposed to 765 nm NIR
light, which is optimal for in vivo imaging (Figure 2D).

ZnPc loading capacity and encapsulation efficiency
were quantitatively measured by fluorescence spec-
trophotometry.20,24 As shown in Figure 3A, the ZnPc
loading capacity increased with ZnPc concentration
and attained saturation at 10% of ZnPc/nanoconstruct,
when ZnPc concentration reached 346 μg/mL (600 μM).
The loading plateau represents the amount of
ZnPc in the nanoconstructs that was close to satura-
tion, and excess ZnPc may hardly be entrapped into
the nanoconstructs. Encapsulation efficiency of ZnPc
in the FASOC-UCNPs gradually reduced with a further
increase in ZnPc concentration (Figure 3B). When
the added ZnPc concentration in FASOC-UCNP-ZnPc
was less than 57 μg/mL (100 μM), the encapsulation

efficiency was above 90%, but the ZnPc loading capa-
city was below 3%. There was amarked decrease in the
encapsulation efficiency (to less than 80%) when the
ZnPc was present at more than 288 μg/mL (500 μM).
The minimal encapsulation efficiency was about 65%
at the ZnPc saturation condition. Encapsulation effi-
ciency and loading capacity of the nanoparticles were
affected by the initial ZnPc concentration. The increase
in the initial ZnPc concentration led to a decrease of
encapsulation efficiency and an enhancement of load-
ing capacity (Figure 3 panels A,B).

The release profiles of ZnPc from FASOC-UCNPs at
various pH values (Figure 3C) indicated the release rate
of ZnPc within 50 h was highest when the nanocon-
structs were dispersed in pH 5.7 phosphate buffer
(containing 2% SDS), and was lowest in pH 7.4 phos-
phate buffer (containing 2% SDS). The results indicate
that the loading of ZnPc through the intermolecular
hydrophobic force is sensitive to the pH, because
amphiphilic chitosan can dissolve in acidic solutions
of pH below 6.5. Less than 20% of ZnPc was detached
from FASOC-UCNPs even at pH 5.7 after 50 h incuba-
tion at 37 �C, which implied that the leakage of ZnPc

Figure 2. Optical properties of ZnPc and ICG dye-loaded FASOC-UCNP nanoconstructs. (A) Absorption spectra of folic acid
(FA), SOC, FASOC, and FASOC-UCNP; (B) Absorption spectra of free ZnPc in ethanol and FASOC-UCNPs loaded with ZnPc
(150 or 250 μg/mL) and ICG-Der-01 in aqueous solution; (C) UCL emission spectra of OA-UCNP, FASOC-UCNP, and FASOC-
UCNP-ZnPc; (D) fluorescence emission of FASOC-UCNP-ZnPc (λex = 610 nm) and FASOC-UCNP-ICG (λex = 765 nm); (E) chemical
structure of NIR fluorescence dye ICG-Der-01.
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from the nanoconstructs can be effectively minimized
by an FASOC coating in a physiological environment.
Co-localization of the UCNPs (green fluorescence) and
ZnPc (red fluorescence) in Bel-7402 cells using confocal
fluorescence imaging indicated an intrinsic association
of the UCNPswith the ZnPc inside cells (Figure 3D). The
good stability of the prepared nanoconstruct in phys-
iological solution and cells ensures the effective FRET
for PDT treatment.

In Vitro Cytotoxicity, Tumor-Targeting to Cancer Cells and ROS
Production. Cytotoxicity of the UCNP-based nano-
construct is an important consideration for materials
intended for in vivo application. Toward this goal,
assessment of cell viability of HELF cells and MDA-
MB-231 cancer cells were examined. Incubation with
FASOC-UCNP-ZnPc showed that there was minimal
decrease in cell viability (<5%), even when HELF and
MDA-MB-231 cells were incubated with 200 μg/mL of
FASOC-UCNP-ZnPc for 48 h (Supporting Information,
Figure S1). This cytotoxicity study demonstrates that
FASOC-UCNP itself possesses low toxicity without light
irradiation.

FR expression levels of each cell line were deter-
mined by using RT-PCR, as shown in Supporting In-
formation, Figure S2. The RT-PCR results showed that
the FR expression levels on the different cancer cells
decrease in the following order: Bel-7402 > MDA-MB-
231 > A549. FR expression in the murine S180 cell line
was additionally studied by using a different primer
in the PCR process. The data exhibited high FR expres-
sion on the murine S180 cell line. We were unable to
compare the FR expression level in these cells with that
of human tumor cells because of the use of different

PCR primers. To assess the targeting ability of the
nanoconstruct, the ZnPc-loaded FASOC-UCNPs were
incubated with different cancer cells (Bel-7402, MDA-
MB-231 and A549) expressing different levels of FR and
the fluorescence of ZnPc was monitored at different
incubation time points (Figure 4A). Red fluorescence of
ZnPc and blue emission of Hoechst for cell nucleus
staining were simultaneously observed in Bel-7402
and MDA-MB-231 cells with elevated FR expression
(FR-positive) after 1 h incubation. The fluorescence
signals inside cells gradually enhanced with an in-
crease of the incubation time. ZnPc fluorescence was
mainly observed in the cytoplasm region after 10 h
incubation. However, the ZnPc fluorescence signals in
FR-negative A549 cells were much lower than that in
FR-positive cells at the same time point. Semiquanti-
tative fluorescence intensity analysis of ZnPc in these
cells confirmed the higher uptake of FASOC-UCNP-
ZnPc in FA-positive cells than in the negative cells
(Figure 4B). Receptor blocking experiments were car-
ried out to study the uptakemechanism of FAmodified
nanoconstruct via FR mediation. Free FA was first
added into the FR-positive Bel-7402 and MDA-MB-
231 cells before incubation with the nanoconstruct.
Figure 4C shows that fluorescence signals of ZnPc
dramatically reduced in FR-positive cancer cells when
FRs were initially blocked by excess FA, which can
inhibit cellular uptake of FASOC-UCNP-ZnPc. Semi-
quantitative fluorescence analysis in Bel-7402 or
MDA-MB-231 cells demonstrated that there were
significant differences (p < 0.05) in the cellular uptake
of ZnPc between nonblocked cells and FR-blocked
cells (Figure 4D).

Figure 3. ZnPc loading and encapsulation efficiency in FASOC-UCNPs and the stability of ZnPc in the nanoconstructs in PBS
solution and cancer cells: (A) determination of ZnPc loadings at different ZnPc concentrations; (B) encapsulation efficiency of
ZnPc in FASOC-UCNPs at different ZnPc concentration; (C) the ZnPc release from the FASOC-UCNP-ZnPc in phosphate buffer
at different pH values (5.7, 7.4 and 8.0) containing 2% SDS; (D) intracellular uptake of FASOC-UCNP-ZnPc in cancer cells,
indicating the colocolization of ZnPc and UCNPs inside cells.
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To evaluate the therapeutic efficacy of the UCNP-
based PDT system, ROS productions by UCNPs nano-
construct in physiological solution and inside cancer
cells were detected by using DPBF and DCFH-DA
probes, respectively.13 Supporting Information, Figure
S3A represents ROS production by FASOC-UCNPs with
different loading concentrations of ZnPc determined
by DPBF. The optimal concentration of ZnPc in the
FASOC-UCNP nanoconstructs was determined to
be 150 μg/mL. As shown in Supporting Information,
Figure S3B, in control experiments without light irra-
diation, no obvious change of DPBF absorption was
detected. When a solution of the nanoconstruct was
directly exposed to the excitation light at different wave-
lengths, the FASOC-UCNP-ZnPc irradiatedby 660 nm light
produced more ROS (∼68%) than 980 nm light (∼53%)
for 5 min at the same optical power. To investigate the
penetration advantage of the NIR light, thick pork tissue
(adipose tissue) was used to mimic living tissue for deep-
tissue PDT treatment. Once the FASOC-UCNP-ZnPc solu-
tion was covered by 1-cm pork tissues, ROS generation of
UCNP-based PDT under 660 nm excitation significantly
reduced by∼53%,while it only decreased by∼17%upon

980 nm light irradiation through the 1-cm thick tissues.
Similar results of ROS productions were observed in Bel-
7402 cells incubated with FASOC-UCNP-ZnPc by using
DCFH-DA fluorescent probe (Figure 5). As shown in
Figure 5B,D, strong green fluorescence of DCFH was
observed in cancer cells under direct 660 or 980 nm
irradiation, whereas control cells showed negligible DCFH
fluorescence and bright red emission of ZnPc (Figure 5A).
After blocking the excitation light with 1-cm pork tissue,
fluorescence signals of DCFH in 660 nm light-treated cells
(Figure 5C) decreased significantly compared with that in
980 nm light treated cells (Figure 5E). This implies that less
ROS was produced by 660 nm light in tissue. Additionally,
the red fluorescence of ZnPc dramatically reduced in all
PDT treatment groups comparedwith control cells, which
might be caused by photobleaching or photoinactivation
under light irradiation.25

In Vivo Acute Toxicity, Tumor-Targeting, and Deep-Tissue
Therapeutic Efficacy. In the acute toxicity study, 100%,
40%, and 20% deaths were recorded for the mice that
received 220, 150, and 105 mg/kg, respectively, on the
7th day after intravenous injection of the nanocon-
struct (Supporting Information, Table S1). The median

Figure 4. Tumor-targeted ZnPc delivery by the prepared nanoconstructs in cancer cells: (A) dynamics of ZnPc delivered by
FASOC-UCNPs in Bel-7402 and MDA-MB-231 cells with FR overexpression and FR-negative A549 cells at different incubation
time points; (B) fluorescence intensity of ZnPc determined in Bel-7402, MDA-MB-231, and A549 cells; (C) FR block-
ing experiments in Bel-7402 and MDA-MB-231 cells; (D) mean fluorescence intensity of ZnPc determined in Bel-7402 and
MDA-MB-231 with FR-blocking or nonblocking.
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lethal dosage (LD50) of FASOC-UCNP was determined
to be approximate 149 mg/kg (containing 77.5 mg/kg
UCNPs). Body weight of mice in both the control and
treated groups slightly increased with time (Supporting
Information, Figure S4A). Biochemical parameters,
including alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (BUN),
and creatinine (CREA) were investigated to determine
the potential side effects of FASOC-UCNP (Supporting
Information, Figure S4B). Because all of the mice
injected with 220 mg/kg nanoconstruncts were dead
within 7 days, biochemical parameters in this group
were not detected at day 7, implying the potentially
higher toxicity of the nanoconstructs at this dose. The
result shows that at day 7, the ALT and AST levels of
mice that received 150 mg/kg of FASOC-UCNPs are
higher than those of the control group, suggesting the
potential hepatic injury at high doses of the nanocon-
struct treatment. No significant difference in the BUN
and CREA levels in the blood of the control and treated
mice were observed, which indicated that no obvious
kidney and heart toxicity was induced by FASOC-
UCNP. Tissue slices of major organs (liver, kidney and
lung) with H&E staining (Supporting Information,
Figure S4C) suggest that animals treated with 51 and
105 mg/kg of FASOC-UCNP did not cause any notice-
able toxic effect within 7 days post-treatment, but mild
edema and a few chronic inflammatory cells were
observed in the mice treated with 150 mg/kg FASOC-
UCNPs. These results indicated that the acute toxicity
of the prepared nanoconstructs was dose-dependent.

To track the biodistribution and tumor targeting
ability of the nanoconstruct, ICGwas encapsulated into
the nanoconstruct for in vivo NIR imaging. Supporting
Information, Figure S5A shows that the FASOC-UCNP-
ICG first accumulated in the liver before gradual excre-
tion into the intestines within 24 h postinjection in
nontumor bearing mice. After 48 h, nanoconstruct was
virtually cleared from the body through enterohepatic

circulation, as evidenced by enhanced NIR fluores-
cence in the feces. To ascertain the biodistribution of
the nanoconstruct at 24 h postinjection, a cohort of the
mice were euthanized and representative organs ex-
cised for ex-vivo fluorescence imaging (Supporting
Information, Figure S5B) and analysis (Figure S5C). At
this time point, FASOC-UCNPs were mostly distributed
in the liver, intestines, lungs and kidneys, with low
uptake in the heart and spleen. To assess the tumor
selective targeting of the nanoconstruct, mice bear-
ing Bel-7402 tumors (FR-positive) were administrated
with FASOC-UCNP-ICG (Figure 6A) or SOC-UCNP-ICG
(Figure 6B) and imaged at different time points. Sig-
nificant tumor uptake was clearly visible in mice trea-
ted with FASOC-UCNP-ICG at 4 h postinjection. By 24
postinjection, the maximal tumor fluorescence was
attained and the exceptionally high tumor to muscle
contrast persisted for more than 96 h postinjection
(Figure 6A). Active tumor-targeting of FASOC-UCNP-
ICG was also demonstrated in Kunming mice bearing
FR-positive S180 tumors (Supporting Information, Fig-
ure S5D), indicating the versatility of the nanocon-
struct. In contrast, tumor uptake in mice treated with
SOC-UCNP-ICG became visible only after 12 h post-
injection, which represents the contribution of enhanced
permeation and retention in the tumor accumulation
of the nanoconstruct. A maximum tumor to skin NIR
fluorescence ratio of 11 was attained at 24 h postinjec-
tion of FASOC-UCNP-ICG compared with fluorescence
ratio of 5.5 for SOC-UCNP-ICG treated mice (Figure 6C).
Ex vivo fluorescence images of isolated organs/tissues
(Figure 6D) confirmed the higher FR-positive tumor
targeting ability of FASOC-UCNP than SOC-UCNP.
Semiquantitative fluorescence intensity of the isolated
tumors from FASOC-UCNP-ICG treated mice is dis-
tinctly higher than that of SOC-UCNP-ICG injectedmice
(Figure 6E), which further supports the FR-mediated
high tumor selectivity of FASOC-UCNPs FR-positive
tumors. To demonstrate that the detected in vivo

Figure 5. Detection of intracellular reactive oxygen production (ROS) by DCFH-DA staining in Bel-7402 cells incubated with
FASOC-UCNP-ZnPc. (A) Control cells without light excitation; (B) ROS production in cells exposed to 660 nm light directly and
(C) through a 1-cm tissue; (D) ROS production in cells induced by direct 980 nm irradiation and (E) excited by 980 nm light
though a 1-cm tissue.

A
RTIC

LE



CUI ET AL. VOL. 7 ’ NO. 1 ’ 676–688 ’ 2013

www.acsnano.org

683

fluorescencewas associatedwith the nanoparticles, we
investigated the biodistribution of free ICG at the same
concentration as the ICG-loaded nanoconstructs in the
Bel-7402 tumor-bearingmice (Supporting Information,
Figure S5E). The results indicated that the tumor
uptake of free ICG molecules was low and the non-
encapsulated dye rapidly cleared from the body within
24 h postinjection. After loading into FASOC-UCNPs,
a higher ration of the injected ICG accumulated in
the tumor, with prolonged retention time of up to
96 h. This suggests that the ICG molecules were
trapped in the nanoparticles because the nanocon-
structs accumulated in tumors through active ligand
targeting and EPR effects (Figure 6A and Support-
ing Information, Figure S5D). Thus, even if few ICG
molecules were separated from the nanoconstructs
in the blood circulation, most ICG molecules were
retained in the nanoconstructs, as evidenced by
the biodistribution of FASOC-UCNP nanoconstructs
in vivo.

With the tumor uptake of the nanoconstruct having
been demonstrated, the deep-penetrating PDT treat-
ment by FASOC-UCNP-ZnPc was explored in S180
tumor-bearing mice using either NIR or red light.
Tumor volumes and body weights were recorded for
each treated group every other day (Figure 7). Themice
treated with saline and FASOC-UCNP-ZnPc without
light irradiation did not show any therapeutic effect,
as expected. For subcutaneous tumor exposed directly
to the 980 or 660 nm light, the measured tumor
volumes were identical. To simulate tumors located
inside the body, a 1-cm pork tissue was placed on the
mouse skin over the subcutaneous tumors during PDT
treatment. The result shows that tumor growth sig-
nificantly decreased in mice exposed to the 980 nm
light triggered PDT than those treated with 660 nm
(Figure 7A). The tumors were isolated from the different
group of mice and weighed on day 14 post-treatment
(Table 1). For the subcutaneous tumor, 660 nm PDT
shows higher tumor inhibition ratio (77%) than those of

Figure 6. In vivo tumor-targeting of the nanoconstructs. Fluorescence images of nude mice bearing Bel-7402 tumors with
intravenously injection of (A) FASOC-UCNP-ICG and (B) SOC-UCNP-ICG; (C) tumor/skin ratio of tumor-bearing mice injected
with different nanoconstructs; (D) fluorescence images of isolated organs separated from Bel-7402 tumor-bearing mice in
different groups at 24 h postinjection; (E) semiquantification of FASOC-UCNP-ICG and SOC-UCNP-ICG in the isolated organs of
mice with different injection.
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980 nm triggered PDT treatment (66%). In contrast, the
tumor inhibition ratio in the 980 nmPDT group reaches
to 50% for the deep tumor model covered with 1-cm
tissue, which is obviously higher than that of 660 nm
induced treatment (18%). These results demonstrate
the advantage of 980 nm triggered PDT for deep-
seated tumor treatment.

Body weight and survive rate usually reflect the
health condition of the treated mice. As shown in
Figure 7B, the body weight of mice in the control
group began to decrease from day 9 postinjection,
which indicates the living quality of the mice was
compromised by the tumor burden. For the PDT
treated group, their body weight gradually increased
during15days, implying that systemic toxicitywasminimal
in these mice. Survival rates of mice in control and
nanoconstruct-treated groups without light irradiation re-
duce to 50% and 63% at day 15, respectively (Figure 7C).

None of the mice died in either 660 or 980 nm directly
treated group. Survival rates of mice in the deep-
penetrating PDT group induced by 660 or 980 nm light
irradiation reach to 75% and 88%. These results demon-
strate that PDT treatment based on FASOC-UCNP-ZnPc
can effectively improve the survival quality of mice and
prolong their lifetime. Histological analysis of tumor tissue
in different treatment groups at day 7 post-treatment

Figure 7. Comparison of the therapeutic efficacy of deep-tissue PDT triggered by 980 and 660 nm light. (A) Tumor growth of
mice in different treatment groups within 15 days. (B) Changes of body weight of mice in different groups during PDT.
(C) Survival rates ofmice in different treatment groupswithin 15 days. (D) H&E stained tumor tissues harvested from themice
with different treatments.

TABLE 1. Final Tumor Weight and Tumor Inhibition Ratio

of Mice in Different Treatment Groups

group tumor weight (g) inhibition ratio (%)

control 3.50 ( 0.36
660 nm light irradiation 0.81 ( 0.31 77
660 nm light þ1 cm tissue 2.87 ( 0.26 18
980 nm light irradiation 1.18 ( 0.21 66
980 nm light þ1 cm tissue 1.75 ( 0.49 50
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(Figure 7D) reveals that no damage was found in tumors
of control mice. However, markedly increased apoptotic
and necrotic tumor cells were observed in all PDT treat-
ment groups, including 660 and 980 nm light-triggered
PDT for superficial tumors and deep-seated tumors.

DISCUSSION

This study aims to treat deep-seated tumors by using
tumor-targeted UCNP-based PDT nanoconstruct. A
high loading of PS to UCNP-based nanoconstructs is
typically a prerequisite for efficient in vivo PDT treat-
ment through FRET. In this study, we constructed
FASOC-coated UCNPs as ZnPc carriers with high drug
loading capacity (∼10%) through hydrophobic inter-
action. The previously reported silica-coated UCNPs
used as ZnPc carriers suffer from low drug loading
capacity (<0.6 wt %) and poor stability of the attached
PSs.16,26 Covalent conjugation of PSs with UCNPs can
incorporate over 1000 PSmolecules per particle.18,19 By
using a physical encapsulation method, the loading
capacity of PEGylated-UCNPs as carriers for Chlorin e6
(Ce6) or meso-tetraphenylporphine (TPP) can reach
8�10 wt %.15,17 Compared with the reported UCNP-
based PDT system, FASOC-UCNP nanoconstructs pos-
sess an improved loading capacity for hydrophobic
ZnPc molecules. However, the higher loading capacity
of ZnPc does not guarantee a better PDT efficiency
because there is an optimal loading concentration for
ZnPc. Excess ZnPc (250 μg/mL) in the nanoconstructs
could not be entirely photoactivated during PDT, and
the large number of ZnPc may form aggregates in the
FASOC-UCNPs in aqueous media. These conditions
would decrease ROS production by increasing the
likelihood of deleterious processes such as triplet�
triplet annihilation and self-quenching (Supporting
Information, Figure S3A).27 Thus, the optimal loading
of ZnPc (150 μg/mL) in the FASOC-UCNP was utilized
in the subsequent in vivo experiments. A similar result
of PS-dependent singlet oxygen production from
UCNP-PS complexes has been reported by other
researchers.19 To maximize ROS production from FAS-
OC-UCNP-ZnPc, ZnPc loading should be controlled to
avoid aggregation. In future studies, ROS produc-
tion can be improved by increasing the FRET effect
between UCNPs and ZnPc. This can be accomplished
by enhancing the upconversion luminescence of UCNPs
by silica or NaYF4 coating. In addition, owing to the
hydrophobic property and planar structure of ZnPc, it
can be efficiently encapsulated in the nanoconstruct
withminimal leakage (<20%) even after 50 h incubation
at various pH values (5.7, 6.5 and 7.4), which maximized
FRET efficiency fromUCNP to ZnPc. The good stability of
FASOC-UCNP-ZnPc nanoconstruct makes it an excellent
UCNP-based PDT system for nonsuperficial tumors.
Safety issues surrounding the use of nanoparticles

in vivohavebecome amajor obstacle in nanomedicine.

To address this problem, the nontoxic and biocom-
patible SOC was used to coat the UCNP nanoparticle
core for this study. In addition to the high stability
of the nanoconstruct, our preliminary acute toxi-
city and biochemistry study of PDT nanoconstruct
demonstrates that FASOC-UCNPs display relatively
low toxicity and less side effects on the mice, in-
cluding those injected with high doses of the nano-
constructs (<150 mg/kg, containing 77.5 mg/kg
UCNPs). Although the long-term toxicity of UCNPs
has been evaluated without any appreciable side
effects in the mice injected with low doses of
UCNPs (<20 mg/kg).28 UCNP-based PDT agents for
in vivo use are best administered under a safe dose
(LD50).
Biomolecular recognition moieties such as cyclic

arginine�glycine�aspartic acid (RGD) peptide29 and
folic acid19 are usually conjugated to UCNPs for the
targeted PDT of cancer cells. Tumor-targeted UCNP-
based PDT agents can effectively increase the accu-
mulation of the nanoparticles and improve PDT
efficiency in deep-seated tumors. Very recently,
Idris et al. first reported the use of targeted upcon-
version nanoparticles for PDT of subcutaneous tu-
mors, but their treatment programs need long time
exposure (2 h) to laser light due to the limited PS
loading of silica-coated UCNPs (<0.6 wt %), which
might induce photodamage to the tissues.26 In this
study, the well-defined tumor specific ligand FA was
covalently conjugated to the surface of UCNPs
through the SOC coating. The targeting ability of the
FASOC-UCNP-ZnPc nanoconstruct was demonstrated
in vitro and in vivo. The enhanced intracellular uptakes of
FASOC-UCNP-ZnPc by FR-positive tumor cells (Bel-7402
and MDA-MB-231) were significantly higher than that
in FR-negative A549 tumor cells. This increased uptake
is attributed to FR-mediated endocytosis (Figure 4),
which is evidenced by FR-blocking experiment in FR-
positive cancer cells. In our experiment, a high con-
centration of free folic acid (1 mM) can effectively
inhibit the uptake of folate-modified complexes in
FR-positive cells. Similar findings have been reported
for FR-mediated tumor targeting of different drugs or
nanomaterials in cancer cells and in vivo using FR
blocking experiments.30�33 The in vivo biodistribution
of the UCNP-based nanoconstruct with or without FA
modification (Figure 6A, 6B, and Supporting Informa-
tion, Figure S5D) further confirmed the high tumor
targeting ability of FASOC-UCNP in tumor bearing
mice. This result suggests that conjugating FA ligands
with SOC coating significantly improved the active
tumor-targeting of FASOC-UCNP to FR-overexpressed
tumors (Bel-7402 and S180).
In general, the main mechanism associated with

the killing of cancer cells by PDT is the activation of
PSs by light irradiation, which generates cytotoxic
ROS that directly destroy the tumor cells.9 It has been
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demonstrated that PDT has two ways to kill cells,
defined as Type I and Type II mechanisms.34 The
Type I mechanism involves hydrogen-atom abstrac-
tion or electron-transfer reactions between the PS
and a substrate to yield free radicals and radical
ions, which can interact with molecular oxygen to
either generate ROS (such as superoxide anions and
hydroxyl radicals) or can cause irreparable biologi-
cal damage. The Type II mechanism results from an
energy transfer between the PS and the molecular
oxygen to produce singlet oxygen. DCFH-DA and
DPBF probes can detect lethal cytotoxic ROS (not
only singlet oxygen) production inside cells and in
solution, allowing its use to report the potential PDT
efficacy of the nanoconstructs. Unlike visible light,
PDT triggered by NIR light enables the feasibility of
deep-tissue PDT treatment.17,18,35,36 Significant
light attenuation of 72% and 95% was observed
through 1-cm adipose tissue using the same power
density (0.2 W/cm2) at 980 and 660 nm excitation,
respectively. Our in vitro results (Figure 5) suggest
that UCNP-based PDT induced by deep-penetrating
980 nm light produces more ROS than 660 nm light
in the cancer cells covered by a 1-cm pork tissue.
Although in vivo results in Figure 7 indicate 660 nm
light-induced PDT possesses better therapeutic
efficacy for subcutaneous tumors, NIR-induced PDT

using FASOC-UCNP-ZnPc demonstrates superior treat-
ment of simulated 1-cm deep tumors.

CONCLUSION

In this study, we have successfully developed tumor-
targeted FASOC-UCNP-ZnPc nanoconstructs with high
ZnPc loading capacity for deep-penetrating PDT
in vivo. Tumor-targeting ability of the nanoconstructs
is dramatically enhanced in FR-overexpressed tumors
by FR-mediated active targeting. The low toxicity
and less side effects of FASOC-UCNP at high dose
(<150 mg/kg) are demonstrated in the mice verified
by histological and biochemical analysis. Measurement
of ROS production under deep tissue both in the
solution and in cancer cells reveals that NIR light-
triggered PDT by using the nanoconstructs generates
more ROS in contrast to direct irradiation of ZnPc upon
660 nm light. In comparison with conventional PDT
depending on red light irradiation, the NIR-induced
PDT based on the nanoconstructs possesses higher
tumor inhibition ratio for the treatment of simulated
deep-seated tumors. Together, our results demon-
strate the considerable advantages of tumor-selective
UCNP-based PDT induced by NIR light over traditional
PDT for internal tumors and prompt further explora-
tions of these nanoconstructs for targeted drug deliv-
ery and deep-tissue PDT of other related diseases.

MATERIALS AND METHODS
Materials. RE2O3 (RE = Y, Yb, and Er) were purchased from

Aladdin Reagent Company and Sinopharm Chemical Reagent
Co. Ltd. RECl3 were prepared by dissolving the corresponding
RE2O3 in hydrochloric acid solution. The products were evapo-
rated and redissolved in distilled water. Zinc(II) phthalocyanine
(ZnPc, 95%, Alfa Aesar), 1,3-diphenylisobenzofuran (DPBF, 97%,
Sigma-Aldrich), Annexin V-FITC Apoptosis Detection Kit (Sigma-
Aldrich), 20 ,70-dichlorfluorescein-diacetate (DCFH-DA) reactive
oxygen species assay kit (Beyotime), oleic acid (OA, 90%,Aladdin),
1-octadecen (ODE, 90%, Aladdin), folic acid (Sinopharm Chemical
Reagent Co. Ltd.), Hoechst 33342 (Beyotime) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
98%, Aladdin) were used as received without further purification.

Preparation of FASOC-UCNP-ZnPc. NaYF4 (Y:Yb:Er = 0.78:0.2:0.02)
nanoparticles and N-succinyl-N0-octyl chitosan (SOC, 5 KDa)
were synthesized as reported previously.20,22,30 FASOC was
prepared by covalently conjugating folic acid to the amino
groups of SOC. Briefly, folic acid (0.22 g) was activated with
N-hydroxysuccimide (NHS) and dicyclohexylcarbodiimide (DCC)
at 50 �C for 6 h (FA/NHS/DCC molar ratio = 1:1:1.5). The pre-
cipitate was removed by filtration (0.22 μm) and the NHS-FA was
precipitated by acetone and diethyl ether (V/V = 3:7). The
activated FA (30 mg) was reacted with aqueous solution of
SOC (4mg/mL, 5 mL) at room temperature for 24 h. Themixture
was dialyzed (MWCO 8000�14000) against phosphate buffer
solution (PBS) and was centrifuged (8000 rpm, 10 min) to
remove excess NHS-FA. The structure of the FASOC conjugate
has determined by 1H NMR in our previous report.30 The
prepared UCNPs (0.5 mg) were redispersed in FASOC aqueous
solution (2 mg/mL) by sonication (P = 100 W). The obtained
colloid solution was filtered through 0.22 μm filter to remove
large aggregates. Thereafter, different amounts of ZnPc in
DMSO solution (50�500 μM) were added into 2 mL of FASOC-
UCNPs aqueous solution and stirred overnight. Free ZnPc was

removedby centrifugation at 14000 rpm for 20min. Theobtained
precipitate (FASOC-UCNP-ZnPc) was washed with distilled water
(3�) and resuspended in distilled water by sonication to form a
homogeneous colloidal solution.

Drug Loading and Encapsulation Efficiency. ZnPc drug loading
capacity and encapsulation efficiency in the FASOC-UCNPs
were determined by fluorospectrophotometry, setting the ex-
citation wavelength at 610 nmandmonitoring the fluorescence
emission in the range of 650�750 nm.20,24 The concentration
of ZnPc was calculated by means of a calibration curve, which
was performed in triplicate (n = 3) covering the range of
0.02�0.80 μM ZnPc in ethanol. A certain amount of FASOC-
UCNP-ZnPc was diluted by ethanol to the range covered within
standard curve. The ZnPcwas extracted from the FASOC-UCNPs
by ethanol by centrifugation at 12000 rpm for 15min to remove
the chitosan and UCNP precipitates and the ZnPc content in the
supernatant was measured by spectrofluorimetry. The extrac-
tion efficiency was about 97%, which is defined as the ratio of
fluorescence intensity of ZnPc extracted from the nanocon-
structs to the fluorescence intensity of total ZnPc in the
nanoconstructs. The measurement was carried out in triplicate
for each formulation (n = 3). Drug loading capacity of ZnPc (%)
was calculated as follows: loading capacity = [amount of ZnPc in
the FASOC-UCNPs (g)]/[amount of FASOC-UCNP-ZnPc (g)] �
100. Encapsulation efficiency (%) was calculated as follows:
encapsulation efficiency = [amount of ZnPc in the FASOC-
UCNPs (g)]/[total amount of ZnPc (g)] � 100.

In Vitro Drug Release. ZnPc release kinetic analysis was per-
formed following a modified method in ref 24. In brief, 1 mL
of FASOC-UCNP-ZnPc (2 mg/mL) was dispersed in 50 mL of
PBS containing 2% SDS at 37 �C with continuous stirring. A
3 mL amount of solution was withdrawn and centrifuged at
12000 rpm for 10 min at different time points. ZnPc in the
supernatant was measured by spectrofluorimetry which is
similar to the condition described above; however, the standard
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curve of ZnPc in the range of 0.02�0.40 μM was calibrated in
phosphate buffer at various pH values (5.7, 6.5, and 7.4) contain-
ing 2% SDS. The precipitates were resuspended in 3 mL of fresh
medium and placed in the releasing sample again. The con-
centration of ZnPc released from the FASOC-UCNPs was calcu-
lated by using the peak area of ZnPc emission (650�750 nm) in
PBS.

Characterization. Morphology and size of the prepared nano-
particles were characterized by using a JEOL JEM-2100 high-
resolution transmission electron microscope (HR-TEM).
Dynamic light scattering (DLS) was performed by a Brookhaven
Nanoparticle Size Analyzer to measure the hydrodynamic dia-
meter. Fourier transform infrared spectra were determined by
a BRUKER-MPA spectrophotometer. The PL spectra were mea-
sured by a F96 fluorescence spectrophotometer (Lengguang
Technology Co. LTD, China) with a xenon lamp and an external
980 nm laser (Scitower Photoelectricity Equipment Co. LTD,
China). The UV�vis absorption spectra were acquired by a
754-PC UV�vis spectrophotometer (JingHua technological in-
strument corporation, China). All optical measurements were
performed at room temperature.

Cellular Uptake and FR Blocking Experiments. Human hepatocel-
lular carcinoma Bel-7402 cells (folate receptor (FR)-positive),
human breast carcinoma MDA-MB-231 cells (FR-positive), hu-
man lung adenocarcinomaA549 cells (FR-negative), and human
embryo lung cells (HELF) were purchased from American Type
Culture Collection (ATCC, USA). The cells were originally cul-
tured in RPMI-1640 medium supplemented with 10% (v/v) calf
serum, penicillin (100 U/mL), and (100 μg/mL) streptomycin.
Cells were maintained at 37 �C in a humidified atmosphere
containing 5% CO2.

To investigate the targeted drug delivery of ZnPc by FASOC-
UCNPs in the cells, intracellular uptake of FASOC-UCNP-ZnPc
and the receptor blocking experiment were performedwith the
FR-positive Bel-7402 and MDA-MB-231 cells and FR-negative
A549 cells. Three cell lines were in the confocal dishes at a
density of 3 � 105 cells/dish. After 24 h of cell attachment,
200 μL of FASOC-UCNP-ZnPc (containing 100 μM ZnPc) was
added in the culture medium and incubated for different times
(1, 3, 7, and 10 h). Cell nuclei were stained with Hoechst 33342
(μg/mL) for 30min. After washing three times with PBS, the cells
were imaged by a laser confocal microscope (Olympus FV1100,
Japan). UCL imaging of FASOC-UCNP-ZnPc was performed by
using confocal microscope equipped with an external 980 nm
laser. In the FR receptor blocking experiment, Bel-7402 and
MDA-MB-231 cancer cells (3 � 105 cells/dish) were first incu-
bated with free FA (1mM) for 30min and then 200 μL of FASOC-
UCNP-ZnPc (containing 57 μg/mL ZnPc) was added in the
medium. As a control, the cells were directly incubated with
the nanoconstructs without blocking the FR. After 2 h incuba-
tion, cell nuclei were stainedwith Hoechst 33342 for 30min and
then the cells were washed three times with PBS for fluores-
cence confocal imaging.

Intracellular ROS Detection. ROS generation inside cells was
detected using DCFH-DA Reactive Oxygen Species Assay Kit.
Bel-7402 cells were seeded in confocal dishes at a density of 3�
105 cells/dish. Following incubation with FASOC-UCNP-ZnPc for
24 h, DCFH-DA was loaded into the cells. After 30 min incuba-
tion, cells were washed twice with PBS and then exposed to
980 or 660 nm irradiation for 10 min at the power density of
0.2W/cm2. To compare ROS production of 980 and 660 nm light
in deep tissue, cell dishes were covered with 1-cm adipose
tissues and then irradiated with the two lights under the same
condition as above. After irradiation, fluorescence images of
treated cells were acquired using a laser confocal microscope.

Acute Toxicity Experiment. To evaluate acute toxicity of the
prepared nanoconstructs in mice, a total of 35 healthy Kunming
mice (male and female, half and half) were randomly assigned in
five groups and intravenously injected with 300 μL of FASOC-
UCNP-ZnPc (0, 36, 51.45, 73.5, 105, 150, 220 mg/kg, containing
0, 18.7, 26.7, 38.2, 54.5, 78, 115 mg/kg of comparable NaYF4:Yb,
Er UCNPs), respectively. The mice were weighed every day to
note any weight variation and survival rates were recorded for
7 days. Blood samples were collected from the orbital sinus by

quickly removing the eyeball from the mice at the 7th day after
injection.

In Vivo Dynamic Distribution and Tumor-Targeting of the Nanocon-
struct. Female athymic nude mice and normal (Kunming) mice
were purchased from Charles River Laboratories (Shanghai,
China). All animal experiments were carried out in compliance
with the Animal Management Rules of the Ministry of Health of
the People's Republic of China and theguidelines for theCare and
Use of Laboratory Animals of China Pharmaceutical University.
Bel-7402 and S180 cells (5 � 106) were subcutaneously injected
into the upper left axillary fossa in the nude mice or Kunming
mice (n = 8). As the tumors grew up to a diameter of 0.4�0.5 cm,
the mice were used for NIR imaging and PDT treatment.

NIR dye ICG-Der-01was encapsulated in the nanoconstructs
(FASOC-UCNP-ICG). FASOC-UCNP-ICG (20 mg/kg; 0.2 mL) was
injected through the tail vein into Bel-7402 tumor-bearing nude
mice and Kunming mice bearing S180 tumors. Fluorescence
images of the mice were acquired by the NIR imaging system at
different time points postinjection. Background images were
taken for each mouse prior to injection.

In Vivo PDT Treatment. Mice bearing S180 tumors were ran-
domly assigned into three groups (n = 8), when the tumor
grew up to a diameter of 0.5 cm. The mice in each group were
treated with saline or FASOC-UCNP-ZnPc (50mg/kg, containing
2.88 mg/kg ZnPc) via intravenous injection. After 24 h post-
injection, the mice in the experimental groups were treated
with different therapeutic schedules: (1) PDT triggered by
980 nm light (0.2 W/cm2, 30 min); (2) PDT induced 660 nm light
(0.2W/cm2, 30min); (3) 980 nm light triggered PDT for tumors in
deep tissue (0.2 W/cm2, 30 min); (4) 660 nm light induced PDT
for tumors in deep tissue (0.2 W/cm2, 30 min). Saline-treated mice
without light irradiation were studied as control. The therapeutic
efficacy of FASOC-UCNP-ZnPc on mice bearing a S180 tumor was
assessed by measuring tumor volume, body weight, and survival
rate of mice in each group every other day. Tumor volume was
calculated as length� (width)2� 1/2. All mice were killed and the
tumors were collected 14 days after treatment. Tumor inhibition
ratio (%) = ((Wc�Wt)/Wc)� 100, whereWc andWt are the average
tumor weight of control group and treatment group, respectively.

Histology Examination. To confirm the PDT efficacy of FASOC-
UCNP-ZnPc for tumor therapy, histology analysis of tumor
tissues was performed after treatment. Tumor tissues in the
control group and PDT treatment groups were separated and
fixed with 10% neutral buffered formalin and embedded in
paraffin (n = 5). The sliced organs were stained with H&E and
examined under a microscope.

Statistical Analysis. Significant differences were determined
using the Student's t test where differences were considered
significant (p < 0.05). All data are expressed asmean( standard
error of the mean.
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