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ABSTRACT: Folic acid (FA)-targeted indocyanine green (ICG)-
loaded nanoparticles (NPs) (FA-INPs) were developed to a near-
infrared (NIR) fluorescence theranostic nanoprobe for targeted
imaging and photothermal therapy of cancer. The FA-INPs with
good monodispersity exhibited excellent size and fluorescence
stability, preferable temperature response under laser irradiation, and
specific molecular targeting to MCF-7 cells with FA receptor
overexpression, compared to free ICG. The FA-INPs enabled NIR
fluorescence imaging to in situ monitor the tumor accumulation of the ICG. The cell survival rate assays in vitro and
photothermal therapy treatments in vivo indicated that FA-INPs could efficiently targeted and suppressed MCF-7 cells and
xenograft tumors. Hence, the FA-INPs are notable theranostic NPs for imaging-guided cancer therapy in clinical application.
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1. INTRODUCTION

Cancer is currently one of the most lethal disease concerns in
global healthcare.1−4 The informative and accurate visualization
of anti-cancer agents, following their administration, can play a
considerable and indispensable role to formulate effective anti-
cancer therapeutics.5,6 Conventional diagnostic and small
molecular therapeutic agents are often limited by nonspecific
biodistribution and short blood circulation times.5 Many efforts
have been performed in the areas of multifunctional theranostic
nanoparticles (NPs), which integrated targeting, therapeutic,
and diagnostic functions together, provide many potential
advantages, such as extension of circulating half-life of
conventional agents, specific targeting of cancer, monitor the
therapeutic efficacy and prognosis in real time.5−8 A series of
nanomaterials have been successfully developed for cancer
imaging and therapy including polymeric NPs, quantum-dot,
graphene, gold, and magnetic nanomaterials.9−12 For example,
gold nanocages were served as contrast agents for photo-
acoustic and multimodal (photoacoustic/fluorescence) imag-
ing, and used as photothermal agents for selective destruction
of cancerous or diseased tissue.13 Santra et al. reported taxol/
Cy5.5-loaded iron oxide NPs for combined folic acid (FA)-
targeted cancer therapy and dual optical/magnetic resonance
imaging.14 Nie et al. designed cyclic Arg-Gly-Asp peptides
conjugated plasmonic gold nanostars (RGD-GNS) that clearly
imaged tumor angiogenesis with enhanced contrast, and could
effectively inhibit tumor growth by photothermal therapy.15

Indocyanine green (ICG) is approved by the U.S. Federal Drug
Administration (FDA) for near-infrared (NIR) clinical imaging
agents.16,17 It is also proved to an effective photosensitive agent

by laser-excitation heat for photothermal therapy, generation
reactive oxygen species for photodynamic therapy, and strongly
ultrasound response for sonodynamic therapy.16−20 However,
application of the free ICG is limited by its numerous defects,
including poor aqueous stability, its concentration-dependent
aggregation, rapid elimination from the body.18,21,22

To overcome these limitations of the free ICG, we directly
self-assembled a biodegradable FA-targeted ultrasmall NPs
encapsulated ICG (FA-INPs) with intrinsic FA targeted ligands,
using the film hydration via strong sonication followed by
extrusion technique. The FA-INPs were characterized by
dynamic laser scattering (DLS) and transmission electron
microscopy (TEM). The size stability, fluorescence properties,
and temperature response under laser irradiation were
evaluated. Cell-specific targeting and photothermal toxicity of
the FA-INPs were investigated in the MCF-7 cells. We further
demonstrated the NIR imaging and photothermal therapy of
the FA-INPs on the tumor xenograft model. The FA-INPs
showed stable NIR fluorescence signals of ICG and targeting
recognition of FA receptor over-expressing MCF-7 cells. The
FA-INPs were performed as great theranostic NPs for tumor
targeted imaging and photothermal therapy.

2. EXPERIMENTAL SECTION
2.1. Materials. ICG, cholesterol, hematoxylin, eosin, and 3-

(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
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(MTT) were obtained from Sigma−Aldrich (USA). 1,2-
Distearoyl-sn-glycero-3-phosphoethanolamine-N-folate (poly-
(ethylene glycol) 2000 (DSPE-PEG-FA) and soybean lecithin
were purchased from Avanti (USA). Propidium iodide (PI) and
calcein-AM were obtained from Invitrogen (USA). Penicillin−
streptomycin, RMPI 1640 without FA, and fetal bovine serum
were obtained from Gibco Life Technologies (USA).
2.2. Formulation of the FA-INPs. The FA-INPs were

prepared using the film hydration via strong sonication
followed by an extrusion technique. Lecithin, cholesterol,
ICG, and DSPE-PEG-FA with a mass ratio of 1.7:2:1:1.7 were
placed in a round-bottom flask and dissolved in a methanol/
chloroform mixture. The organic solvent was removed with a
rotavapor to generate a thin film on the glass vial. The film was
then hydrated with ultrapure water via 5 min strong sonication
with a VCX130 ultrasonics processor (USA). Following
hydration, the FA-INPs were obtained by extrusion through
200- and 100-nm polycarbonate filters (five times each).23−25

Finally, the FA-INPs were washed three times by ultrafiltration
(Millipore, Amicon, USA).
2.3. Characterization of the FA-INPs. A Zetasizer Nano

ZS (Malvern, U.K.) was used to detect the size of the NPs. The
morphologic and particle size of NPs were obtained using TEM
(FEI Tecnai G2 F20 S-Twin, USA). The absorption spectra or
fluorescence spectra were performed using UV/vis spectrom-
etry (Lambda25, Perkin−Elmer, USA) or fluorescence spec-
troscopy (F900, Edinburgh Instruments, Ltd., U.K.; ex: 740
nm). ICG concentration of free ICG or the FA-INPs was
identified by testing the fluorescent intensity at 810 nm. The
ICG concentration was adjusted to 0.01 mg/mL. The quantum
yield of the FA-INPs compared to the free ICG was studied.
Fluorescence quantum yield (ΦF) is defined as the ratio of the
number of excited-state fluorophores that relax via a fluorescent
transition over the number of excited dyes.26 The ΦF of the FA-
INPs or free ICG in aqueous solution is determined by
comparison with a standard (freshly prepared ICG solution in
dimethyl sulfoxide, ΦF ref = 13.0%).26 The ΦF was calculated
using the following equation: ΦF = ΦF ref × (η2/η2ref) × (I/A) ×
(Aref/Iref), where ΦF ref is the quantum yield of the reference
compound, η is the refractive index of the solvent, I is the
integrated fluorescence intensity and A is the absorbance at the
excitation wavelength.26 The encapsulation efficiency (EE) of
ICG loaded in NPs was determined as the reported literature.19

2.4. Tumor Cells. MCF-7 human breast adenocarcinoma
cells, which are of FA overexpression were used for the cell
studies. RMPI 1640 medium without FA was supplemented
with 1% penicillin, 1% streptomycin, and 10% heat-inactivated
fetal bovine serum. Cells were cultivated in humidified
environment of 5% CO2 and in medium at 37 °C.
2.5. in Vitro Cellular Uptake. Eight-well chambered

coverglasses (Lab-Tek, Nunc, USA) were seeded MCF-7 cells
(2 × 104 cells/well, 200 μL of medium). The old medium at 24
h was changed by the medium with free ICG (5 μg/mL of
ICG), FA-INPs (5 μg/mL of ICG) or FA-INPs + free FA (5
μg/mL of ICG + 200 μg/mL of FA). After 2 h, PBS washed the
cells thrice and 4% paraformaldehyde solution fixed the cells for
20 min, then Hoechst 33258 stained for 10 min and PBS rinsed
thrice, finally Leica TCS SP5 confocal laser scanning micro-
scope (GER) was used to observe cellular uptake.
Cell uptake was further quantitatively analyzed with NIR

imaging and flow cytometer. MCF-7 cells were seeded in 24-
well plate (4 × 105 cells/well) and cultured overnight. Cells
were replaced by the medium containing free ICG (5 μg/mL of

ICG), FA-INPs (5 μg/mL of ICG) or FA-INPs + free FA (5
μg/mL of ICG + 200 μg/mL of FA). After 2 h, PBS washed the
cells thrice and the CRi maestro ex in vivo imaging system
(USA) was used to collect the fluorescence signals of ICG (704
nm excitation and 735 nm filter). Then the cells were harvested
to record the fluorescence histograms of ICG with flow
cytometer (BD Accuri C6, USA).

2.6. in Vitro Photothermal Toxicity of the FA-INPs. A
96-well plate was seeded with MCF-7 cells (1 × 104 cells/well,
100 μL of medium with free ICG, FA-INPs, or FA-INPs + FA).
After 24 h, PBS washed the cells and fresh medium were
replaced. Then, the plate was placed on the digital dry bath
incubator (Labnet Accublock, USA) to keep 37 °C. The cells
were irradiated with/without a 1.6 W/cm2 808-nm laser for 5
min. MTT assay quantified the cell viability. To directly observe
the photothermal therapeutic efficacy, the cells irradiated with
laser were washed with PBS and fixed with 4% paraformalde-
hyde solution. The cells were stained with calcein-AM and PI,
and observed with Olympus IX71 biological inverted micro-
scope (JPN), according to the manufacturer’s suggested
protocol.

2.7. Animals and Tumor Model. Animals received care in
accordance with the Guidance Suggestions for the Care and
Use of Laboratory Animals.16 The procedures were approved
by Shenzhen Institutes of Advanced Technology, Chinese
Academy of Sciences Animal Care and Use Committee.16

MCF-7 cells (1 × 106) were subcutaneously injected into the
flank region of the 4−6 weeks old female BALB/c nude mice
(Vital River Laboratory Animal Technology Co. Ltd, CHN).
Tumor volume was calculated as (tumor length) × (tumor
width)2/2.16

2.8. in Vivo Imaging and Biodistribution Analysis.
Mice bearing MCF-7 tumors were randomly assigned into two
groups, when the tumor volumes grew up to 100-200 mm3.
Mice were injected via tail vein with 200 μL free ICG or FA-
INPs (both containing 176 μg/mL ICG). The CRi maestro ex
in vivo imaging system (USA) was used to obtain the
fluorescence signals of ICG (704 nm excitation and 735 nm
filter) at 0.5, 6, 24, 48, and 72 h after injection. The mice were
killed at 48 h after injection. The heart, liver, spleen, lung,
kidneys, and tumor were collected for imaging and semi-
quatitative biodistribution analysis.

2.9. Temperature Measurements during Laser Irradi-
ation. Centrifuge tubes was added PBS (0.5 mL), free ICG
(0.5 mL, containing 65 μg/mL ICG) or FA-INPs (0.5 mL,
containing 65 μg/mL ICG). Free ICG or FA-INPs (both
containing 176 μg/mL ICG) was injected into the nude mice
bearing MCF-7 tumor via tail vein. Control mice were injected
with 200 μL PBS. The 808-nm laser at 1 W/cm2 irradiated the
tubes and tumors (at 48 h after intravenous injection) for 5
min. Fluke Ti27 infrared thermal imaging camera (USA)
obtained infrared thermographic maps and region maximum
temperatures. The photothermal conversion efficiency (η) of
the FA-INPs or free ICG was calculated using the following
equation:27

η
τ

= ×
− −

− −
m C T T Q

I(1 10 )
D D

S

max surr Dis
A

where mD (or CD) is the mass (or heat capacity) of water, and
τS is the system time constant of the sample, respectively.27 QDis
expresses the heat dissipation from the light absorbed by the
quartz sample cell, Tmax (or TSurr) is the equilibrium
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temperature (or ambient temperature), I is the incident laser
power (I = 1 W/cm2), and A is the sample absorbance at 808
nm.27 To detect the effect of photothermal therapy in vivo,
hematoxylin and eosin stained the major organs on 15 d and
tumors at 12 h after treatment.
The mice (5 per group) were intravenously injected with 200

μL PBS, free ICG (containing 176 μg/mL ICG), FA-INPs
(containing 176 μg/mL ICG). For the laser treatment groups,
the 808-nm laser irradiated the tumors of mice after 48 h at 1
W/cm2 post-injection for 5 min. The tumor volumes and body
weight of mice were recorded.
2.10. Statistical Analysis. All data are reported as mean ±

standard error of the mean. One-way ANOVA analysis,
followed by Tukey’s post test, determined the differences
among groups. Here, a single asterisk (*) indicated P < 0.05,
and a double asterisk (**) indicated P < 0.01.19

3. RESULTS AND DISCUSSION
The FA-INPs were fabricated with ICG, lecithin, and DSPE-
PEG-FA through film hydration via strong sonication followed
by extrusion technique. Specifically, lecithin and DSPE-PEG-FA
via self-assembly structured a lipid bilayer covered by FA
targeted group, and the ICG was encapsulated in the particles.
The results of transmission electron microscopy (TEM)
demonstrated that the FA-INPs were ultrasmall with good
monodispersity and ∼90% FA-INPs in number distribution
were 20−40 nm (see Figures 1A and 1B). The EE of ICG
loaded in NPs was 43.75%. A size stability assay of the FA-
INPs was performed under four different conditions: ultrapure
water, PBS, 10% (V/V) plasma/heparin in PBS, and fetal
bovine serum for 5 days at 37 °C (Figure 1E).28 The long-term
stability of NPs was investigated by placing the FA-INPs in
PBS. The particle size of the FA-INPs in the PBS and ultrapure
water remained the similar size (about 31 nm), suggesting a
great long-term stability of the FA-INPs. And stability for
protein binding was tested by putting the FA-INPs in plasma/
heparin solution or serum.28 The size of the NPs increased ∼15
nm and the FA-INPs kept the size for 5 days, indicating protein
binding of plasma was not an important factor. The FA-INPs
maintained excellent stability without exhibiting any precip-
itation and phase separation in ultrapure water, PBS, plasma/
heparin solution, and serum.
Compared with free ICG, the apsorption spectra and

fluorescence spectra of the FA-INPs were demonstrated
(Figures 1C, 1D). The absorption peak or emission peak of
the FA-INPs was found to be red-shifted 10 nm (to 787 nm) or
1 nm (to 810 nm), respectively (Figures 1C, 1D). After 1 day,
the ICG fluorescence intensity of the FA-INPs in ultrapure
water remained at ∼90%, while the ICG fluorescence intensity
of free ICG in ultrapure water degraded to 65.24% (Figure 1F).
Figure 1F also showed that the fluorescence intensity of free
ICG in ultrapure water was decreased to 25.28% of initially
intensity within 4 days, but the ICG fluorescence intensity of
the FA-INPs in ultrapure water remained above 72%. NPs
encapsulation significantly enhanced the fluorescence stability
of ICG. We also measured the fluorescence intensity of the FA-
INPs in PBS and serum for 4 days, the FA-INPs had no obvious
change in any mediums of the ultrapure water, PBS and serum.
ΦF for the FA-INPs or free ICG in aqueous solution was 7.5%
or 3.9% on day 0, and 4.89% or 0.97% on day 4. It suggested
that the FA-INPs formulation strongly enhanced the ICG
fluorescence properties, and the data were consistent with the
reported optical properties assay.26

An infrared thermal imaging camera was used to measure the
photothermal efficiency of the FA-INPs under laser irradiation.
The maximum temperature (Tmax) of the FA-INPs or free ICG
reached 57 or 51 °C with the 1 W/cm2 laser irradiation for 5
min, but the PBS with the same laser irradiation only increased
to 32 °C (Figures 1G, 1H). The temperature increase of the
FA-INPs was enough to irreversibly destroy tumor cells.23−31

The heat conversion efficiency of the FA-INPs was calculated
to be 17.3%, and it is higher than the heat conversion efficiency
(15.1%) of the free ICG. The encapsulation of ICG in the NPs
enhanced the heat conversion efficiency of free ICG.
The MCF-7 cellular uptake of the FA-INPs was tested in

vitro (Figure 2A). After 2 h of incubation, the FA-INPs treated
cells presented significantly higher fluorescence intensity in the

Figure 1. Characterization of the FA-INPs: (A) TEM image of the FA-
INPs; (B) particle number distribution of the FA-INPs; (C)
absorption spectra of the FA-INPs and free ICG (the absorption
peak of the FA-INPs was red-shifted 10 nm to 787 nm); (D)
fluorescence spectra of the FA-INPs and free ICG (the emission peak
of the FA-INPs was only red-shifted 1 nm to 810 nm); (E) size
stability of the FA-INPs (the FA-INPs maintained excellent stability
without exhibiting any precipitation and phase separation in ultrapure
water, PBS, 10% (V/V) plasma/heparin in PBS and serum); (F) ICG
fluorescence stability of the FA-INPs (the fluorescence stability of ICG
was significantly improved by the encapsulation of NPs, and the
fluorescence of the FA-INPs showed no apparent change in any
mediums of the ultrapure water, PBS, and serum); (G) photothermal
effect of the FA-INPs, free ICG, and PBS as a function of the
irradiation time under continuous 808-nm laser irradiation at a power
intensity of 1 W/cm2 (the irradiation lasted for 5 min, and then the
laser was shut off); and (H) infrared thermographic maps of centrifuge
tubes with the FA-INPs, free ICG, or PBS were measured at 5 min.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5004393 | ACS Appl. Mater. Interfaces 2014, 6, 6709−67166711



Figure 2. Endocytosis of the FA-INPs by MCF-7 cells after 2 h incubation: (A) MCF-7 confocal images of free ICG, FA-INPs, or FA-INPs + FA
(blue represents the fluorescence of Hoechest 33258, and red represents the fluorescence of ICG; scale bar = 15 μm); (B) the NIR images of culture
plates with MCF-7 cells after incubation with free ICG, FA-INPs, or FA-INPs + FA; (C) histograms for flow cytometry of MCF-7 cells after
incubation with free ICG, FA-INPs, or FA-INPs + FA; and (D) mean fluorescence intensity analysis for flow cytometry of MCF-7 cells after
incubation with free ICG, FA-INPs, or FA-INPs + FA.

Figure 3. The photothermal effect on MCF-7 cells under different treatments: (A) survival of MCF-7 cells versus ICG concentration in free ICG,
FA-INPs, free ICG + laser, FA-INPs + laser or FA-INPs + FA + laser treatments, and (B) fluorescence images of MCF-7 cells with the treatments of
laser, ICG + laser, FA-INPs + laser, or FA-INPs + FA + laser. The ICG concentration was kept the same as 20 μg/mL. Viable cells were stained
green with calcein-AM, and dead cells were stained red with PI. (Scale bar = 35 μm.)

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5004393 | ACS Appl. Mater. Interfaces 2014, 6, 6709−67166712



cytoplasm, indicating the endocytosis of the FA-INPs was
stronger than that of free ICG. With the competition-blocking
of free FA, the fluorescence intensity of the FA-INPs + FA

treatment in the cytoplasm decreased, but the fluorescence
intensity was stronger than that of free ICG. Such results were
further demonstrated by the NIR images obtained by the ex in

Figure 4. In vivo imaging and biodistribution analysis of nude mice bearing MCF-7 tumors after tail vein injected of free ICG and FA-INPs: (A)
time-lapse NIR fluorescence images of nude mice (the tumors are circled with a dotted line); (B) NIR fluoresence intensities of the tumors were
quantified at indicated time points; (C) NIR fluorescence images of major organs and tumors after 48 h post-injection of free ICG and FA-INPs; and
(D) semiquantitative biodistribution of free ICG and FA-INPs in nude mice determined by the averaged fluorescence intensity of each organ. The
data are shown as mean ± SD (n = 3); a single asterisk (*) indicates P < 0.05, and a double asterisk (**) indicates P < 0.01.

Figure 5. Photothermal therapy of nude mice bearing MCF-7 tumors (at 48 h after intravenous injection) following 1 W/cm2 NIR laser irradiation:
(A) maximum temperature profile of the irradiated area, as a function of the irradiation time; (B) infrared thermographic map of mice bearing MCF-
7 tumors under different treatments was measured at 5 min with a thermal camera after NIR irradiation; (C) histological staining of the excised
tumors 12 h after different treatments. Features of thermal damage were identified in tumors treated with the FA-INPs, such as coagulative necrosis
(black arrow), abundant pykonosis (blue arrow), and considerable regions of karyolysis (red arrow). (Scale bar = 50 μm.)

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5004393 | ACS Appl. Mater. Interfaces 2014, 6, 6709−67166713



vivo imaging system and flow cytometry analysis (Figures 2B,
2C, 2D). These results revealed consistently that the FA-INPs
significantly increased the endocytosis ability of ICG (Figures
2B, 2C, 2D). Conjoint incubation with the FA-INPs and 200
μg/mL of free FA yielded a lower level of cellular uptake as
compared to the FA-INPs, but showed stronger fluorescence
intensity than incubation with free ICG (Figures 2B, 2C, 2D).
These proved that NPs formulation improved internalization of
ICG. In the meantime, FA active-targeting mediated
endocytosis of the FA-INPs further significantly enhanced the
cellular uptake of the NPs.
We studied the in vitro photothermal toxicity of FA-NPs in

MCF-7 cells. With laser irradiation, incubation with free ICG
(containing 20 μg/mL of ICG) caused the death of ∼36% of
cells (Figure 3A). The FA-INPs + laser group with 20 μg/mL

of ICG induced the death of up to 100% of cells, suggesting
that FA-INPs could effectively target FA over-expressing MCF-
7 cells and enhanced ICG concentration in MCF-7 cells
(Figure 3A). With the competition-blocking of free FA, the
endocytosis of MCF-7 cells treated by FA-INPs + FA + laser
was prohibited and viability of cells significantly decreased to
34.83% (Figure 3A). Figure 3A also showed that no toxic effect
was exhibited in the MCF-7 cells treated with free ICG or FA-
INPs (containing 20 μg/mL of ICG), indicating that the free
ICG or FA-INPs were biocompatible at this concentration. The
fluorescence staining of live/dead cells was agreed well with the
MTT assay (Figure 3B).
We measured the amounts of the FA-INPs accumulated in

tumor and organs using the sensitive and intrinsic NIR
fluorescence of ICG. Figure 4A showed that the fluorescence

Figure 6. In vivo photothermal therapy of the FA-INPs: (A) MCF-7 tumor growth curves of different groups after treatments; (B) representative
photos of mice on 15 d after various treatment (the tumors were marked by the blank arrows); (C) body weight of mice in different groups after
treatment; and (D) H&E stained images of the liver, kidneys, and lungs from untreated healthy mice and treated mice with FA-INPs injection taken
15 days after photothermal therapy. No noticeable abnormality was observed in major organs including liver, kidneys, and lungs. (Scale bar = 50
μm.)
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signals of free ICG group at 0.5 h after injection were whole
body distribution and mainly located in the liver. Fluorescence
signals of the free ICG group at 6 h were almost located around
the intestine, and no obvious signals were detected at 24, 48, or
72 h in Figure 4A. However, the FA-INPs showed a different
biodistribution behavior. The ICG fluorescence intensity of the
whole nude mice at 72 h post-injection for FA-NPs still
retained strong fluorescence signals. These data further
confirmed that FA-INPs encapsulation could significantly
reduce clearance from the body and degradation of ICG. In
the meantime, the FA-INPs located in the liver and around the
tumor at 0.5 h, and fluorescence signals in the tumor at 6, 24,
and 48 h, were progressively strengthened. However, the
fluorescence intensity in the tumor reduced after 72 h post-
injection of the FA-INPs. According to the dynamic NIR
fluorescence of ICG, 48 h after post-injection were chosen as
the time point of photothermal therapy in order to obtain the
maximum efficacy.
The tumors and major organs distribution of free ICG and

FA-INPs after 48 h post-injection are also shown in Figures 4C,
4D. After injection of free ICG, most of the ICG gathered in
the liver at 48 h. The FA-INPs obviously promoted the
accumulation of ICG in tumor, followed by kidneys, liver, lung
and spleen. The fluorescence analysis showed that the averaged
intensity in tumor of the FA-INPs formulation was 200 times
higher than that of free ICG. It was worth mentioning that the
limit of penetration depths of ICG fluorescence leaded that no
fluorescence signals at 48 h in vivo were seen for the free ICG
group, but there were detectable fluorescence signals in the
excised liver at 48 h.
We measured the intratumoral temperature while the nude

mice at 48 h after intravenous injection with PBS, free ICG, and
FA-INPs was irradiated for 5 min with a NIR laser. Because of
the EPR of NPs in tumor and specific accumulation of the FA-
INPs in tumor, the tumors treated with the FA-INPs had a
maximum temperature of 50 °C (Figures 5A, 5B) after the 5
min of laser irradiation, which exceeded the destroy threshold
needed to cause irreversible tumor damage.20,31 Typical thermal
damage characteristics of the tumors were showed in the FA-
INPs plus laser treatmemt, such as necrosis, pykonosis, and
karyolysis (Figure 5C). Tumors treated with PBS plus laser or
free ICG plus laser for 5 min generated the maximum
temperature of 35 °C or 37 °C (Figures 5A, 5B), those were
not enough to irreversibly destroy tumors.32−34 The PBS or
free ICG group had no apparent influence on the tumors
(Figure 5C).
We examined the anti-cancer effect of FA-INPs plus laser in

MCF-7 tumor-bearing nude mice. The MCF-7 tumors treated
with PBS or PBS under laser irradiation showed rapid growth,
suggesting that the laser irradiation did not affected the tumor
growth (Figure 6A). The FA-INPs without laser or free ICG
plus laser group had no apparent influence on tumors (Figure
6A). Because of the specific accumulation of the FA-INPs in
tumors and EPR of NPs in tumors, FA-INPs under laser
irradiation caused a complete tumor ablation, leaving a black
scar in the original tumor site after 15 d (Figures 6A, 6B). Body
weight did not significantly change in either treatment (Figure
6C). The FA-INPs significantly increased the accumulation of
the ICG in kidneys, liver, and lung, so we further investigated
the potential toxicity of the FA-INPs and laser irradiation in the
kidneys, liver, and lungs. H&E staining of the liver, kidneys, and
lungs showed no noticeable organ damage 15 d after
photothermal therapy of the FA-INPs (Figure 6D). Therefore,

the results suggested that FA-INPs did not cause evident side
effects to the normal tissue and organs.

4. CONCLUSIONS
The well-defined FA-INPs were successfully prepared, using the
film hydration via strong sonication followed by extrusion
technique for small FA targeting NPs. The FA-INPs remarkably
enhanced ICG stability, produced stronger temperature
response than free ICG under 808-nm laser irradiation, and
exhibited significant targeting to MCF-7 cells and MCF-7
tumors. The NIR image-guided photothermal therapy of FA-
INPs not only highly induced in vitro MCF-cell death, but also
efficiently inhibited the growth of the MCF-7 tumor in vivo.
Moreover, histological examination shows no evident side effect
of the FA-INPs to mice within 15 days. These results clearly
prove that the FA-INPs are notable theranostic agents for
imaging-guided cancer therapy and have great potential in
clinical applications.
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