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Poly (lactide-co-glycolide) (PLGA) coupled with methoxy poly (ethylene glycol) (mPEG) or chlorin
e6 (Ce6) was synthesized using the Steglich esterification method. PLGA-linked mPEG (PLGA-mPEG),
PLGA-linked Ce6 (PLGA-Ce6), and Fe;04 were utilized to constitute multifunctional PLGA nanoparti-
cles (~160 nm) via the multi-emulsion W;/O/W; (water-in-oil-in-water) method. The photo-sensitizing
properties of Ce6 molecules anchored to PLGA nanoparticles enabled in vivo luminescence imaging and
photodynamic therapy for the tumor site. The encapsulation of Fe;04 allowed high contrast magnetic
resonance (MR) imaging of the tumor in vivo. Overall, PLGA nanoparticles resulted in a significant tumor

Fes04 volume regression for the light-illuminated KB tumor in vivo and enhanced the contrast at the tumor

Photodynamic therapy (PDT)
Magnetic resonance imaging (MRI)

region, compared to that of Feridex® (commercial contrast agent).

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Colloidal polymeric nanoparticles have the potential to dramat-
ically improve the diagnosis and treatment of tumor (Alivisatos,
2003; Niemeyer, 2001; Ferrari, 2005; Peer et al., 2007; Qian et al.,
2008). The ability to fine-tune the properties of nanoparticles
by controlling their components in the core or the shell region
renders them useful and optimized for pharmaceutical purposes
(Alivisatos, 2003; Niemeyer, 2001; Ferrari, 2005; Peer et al., 2007).
In the recent years, an increasing number of researchers have
assessed the possibility of using nanoparticles for multimodal diag-
nosis and treatment of tumor cells (Kim et al., 2008; Bagalkot et al.,
2007; Piao et al., 2008). These trials have emerged as attractive
preference in tumor therapy, as the nanoparticles allow precise
detection and monitoring of tumors as well as deliver antitu-
mor drugs to tumors (Kim et al., 2008; Piao et al., 2008). Various
examples involve the exploitation of tumor-targeting nanopar-
ticles consisting of lipids, polysaccharides, poly(L-amino acid)s,
synthetic amphiphilic polymers, and inorganic particles (Bagalkot
etal., 2007; Reddy et al., 2006; Liong et al., 2008). However, even in
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the case of the well-designed multimodal nanocarriers for diagno-
sis and therapy, they have been mostly limited to in vitro systems
with very few successful demonstrations in vivo due to the harsh
in vivo biological conditions and the lack of development of a highly
efficient tumor ablation method (Bagalkot et al., 2007; Reddy et al.,
2006; Liong et al., 2008).

Poly(p,L-lactide-co-glycolide) (PLGA) nanoparticles (Brannon-
Peppas and Blanchette, 2004; Lee et al., 2004; Zhang et al., 2007)
have been demonstrated as excellent carriers for imaging and tar-
geting of tumor cells and for carrying antitumor drugs to tumor
cells, due to their unique features including biocompatibility,
biodegradability, tailor-made functionality, and the large interior
cargo volume. We newly modified the PLGA nanoparticles using
methoxy poly (ethylene glycol) (mPEG) and chlorin e6 (Ce6). mPEG
was simply conjugated to PLGA nanoparticles (Fig. 1a) for enhanc-
ing the nanoparticle stability in the serum. The conjugation of Ce6
to PLGA nanoparticles was designed to obtain light-driven fluo-
rescent in vivo images (Takizawa et al., 2009; Park et al., 2011,
2012; Oh et al., 2012) and to perform photodynamic tumor ther-
apy (Chin et al., 2006; Park et al., 2011, 2012; Oh et al., 2012). It
is known that Ce6 is a photoabsorber that exhibits light lumines-
cence (Ochsner, 1997; Hamblin et al., 2001) and generates reactive
oxygen species (e.g., singlet oxygen: 10;,) from light absorption
(Ochsner, 1997; Hamblin et al., 2001). The released reactive oxygen
species lead to irreversibly damage to the treated tumor cells (Park
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Fig. 1. Preparation of multifunctional PLGA nanoparticles. (a) Synthetic scheme of PLGA-mPEG and PLGA-Ce6. (b) 'H NMR peaks of PLGA-mPEG and PLGA-Ce6. (c) Schematic

concept for the multifunctional PLGA nanoparticle. See the text for more details.

etal.,,2011,2012; Ohetal., 2012). These PLGA nanoparticles can also
carry inorganic cargo (Fe304) (Lee et al., 2011b) used for the non-
invasive magnetic resonance (MR) imaging of in vivo tumors, via
the multi-emulsion W1 /O/W,, (water-in-oil-in-water) method (Lee
etal., 2007). We preferentially examined the multifunctional prop-
erties of PLGA nanoparticles with in vivo fluorescence techniques,
in vivo MR imaging experiments, and in vivo tumor inhibition
tests.

2. Materials and methods

2.1. Materials

Poly (Dp,L-lactide-co-glycolide) (PLGA, RG502H; lactide/glycolide
molar ratio=50/50, M,y =14kDa) was provided by Boehringer-
Ingelheim (USA). Chlorin e6 (Ce6) was purchased from Frontier
Scientific Inc. (USA). Methoxy poly(ethylene glycol) (mPEG,



D,J. Lee et al. / International Journal of Pharmaceutics 434 (2012) 257-263 259

Table 1
Polymers that constitute the multifunctional PLGA nanoparticles.

Code Feeding PLGA-Ce6 (Wt.%) Feeding PLGA-mPEG (wt.%)
NP1 75% 25%
NP2 50% 50%
NP3 100% 0%
NP4 0% 100%

M,y =2kDa), N,N'-Dicyclohexylcarbodiimide (DCC), Fe3Q4, 4-
dimethylaminopyridine (DMAP), triethylamine (TEA), pyridine,
dichloromethane (DCM), diethyl ether, and dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich (USA). RPMI-1640,
fetal bovine serum (FBS), penicillin, and streptomycin were pur-
chased from Welgene Inc. (Korea). The Cell Counting Kit-8 was
obtained from Dojindo Molecular Technologies Inc. (Japan).

2.2. PLGA-mPEG, PLGA-Ce6 synthesis

PLGA coupled with mPEG (PLGA-mPEG) or Ce6 (PLGA-Ce6)
was synthesized using the Steglich esterification method (Neises
and Steglich, 1978). Briefly, mPEG (0.2 mM) or Ce6 (0.4 mM) pre-
activated with DCC (0.2 mM) was conjugated to the hydroxyl (—OH)
group of PLGA (0.1 mM) in DCM (20 mL) including DMAP (0.2 mM),
TEA (0.1 mL), and pyridine (0.1 mL) (Fig. 1a). The solution was
stirred at room temperature for 1 day. After the reaction, the solu-
tion was filtered and lyophilized after adding excess diethyl ether.
The resulting product was dissolved in DMSO and transferred to a
pre-swollen dialysis membrane tube (Spectra/Por®, MWCO 8K) to
remove non-reacted mPEG or Ce6 during the dialysis process. The
synthesized polymers were characterized using 'H NMR (Bruker
Advance Il 400 MHz) and NMR solvent (DMSO-dg) with TMS.

2.3. PLGA nanoparticle preparation

PLGA nanoparticles were fabricated via the multi-emulsion
W1/0/W, (water-in-oil-in-water) method (Lee et al., 2007). Fe304
(20 mg) was dispersed in 1 mL of de-ionized water (W), PLGA-
mPEG and/or PLGA-Ce6 (total 200 mg) (Table 1) was added to 3 mL
of DCM solution (O). Two solutions were then mixed together and
emulsified (resulting in W1/O) by vigorous vortexing for 1 min and
then injected into 1.0 wt.% PVA and 0.9 wt.% NaCl aqueous solu-
tion (W,). Emulsification (W1/O/W,) proceeded for 5 min, using
a homo-mixer (manufactured by Tokushu Kika Kogyo Corp.) at
12,000 rpm. The solution was then stirred for 1h to evaporate
DCM and was collected after the centrifugation at 20,000 rpm for
20 min. The obtained nanoparticles were subsequently washed
three times with PBS pH 7.4 and then freeze-dried for 2 days. Here,
Fe304 concentrations in PLGA nanoparticle were measured using a
Jobin-Yvon Ultima-C inductively coupled plasma-atomic emission
spectrometer (JY-Ultima-2, France) (Prashant et al., 2010). Before
the test, PLGA nanoparticles (10 mg) dissolved in 2 mL of concen-
trated nitric acid was heated to 110 °C for 45 min and then diluted
with deionized water.

2.4. Characterization of PLGA nanoparticles

The particle size distribution of PLGA nanoparticles (0.1 mg/mL)
was measured with a Zetasizer 3000 instrument (Malvern Instru-
ments, USA) equipped with a He-Ne Laser beam at a wavelength
of 633 nm and a fixed scattering angle of 90°. The morphology of
PLGA nanoparticles (10 pg/mL) was confirmed using a field emis-
sion scanning electron microscopy (FE-SEM, Hitachi s-4800, Japan).
The zeta potential of PLGA nanoparticles (0.1 mg/mL) in phosphate
buffer saline (PBS, pH 7.4, 150 mM) was measured using a Zeta-
sizer 3000. The fluorescence image of PLGA nanoparticles (red

fluorescence: Ce6) was visualized using a fluorescence microscope
(at Aex 570nm and Aem 595 nm, E-SCOPE 1500F).

The generation of singlet oxygen of PLGA nanoparticles (equiva-
lent Ce6 10 wg/mL) was confirmed using 9,10-dimethylanthracene
(DMA) (Parketal.,2011,2012; Ohetal.,2012). DMA (20 mmol) was
mixed with PLGA nanoparticles (0.01 mg/mL) in PBS (150 mM, pH
7.4).The solution was illuminated at alight intensity of 5.2 mW/cm?
using a 670 nm laser source for 10 min. When the DMA fluorescence
intensity (measured using a Shimadzu RF-5301PC spectrofluorom-
eter at Aex 360nm and Aem 380-550 nm) reached a plateau after
1h, the change in DMA fluorescence intensity (Fs—Fs) was plotted
after subtracting each sample fluorescence intensity (Fs) from the
full DMA fluorescence intensity (without Ce6, indicating no singlet
oxygen, Ff) (Park et al., 2011, 2012; Oh et al., 2012).

2.5. Cell culture

Human nasopharyngeal epidermal carcinoma KB cells were
maintained in RPMI-1640 medium with 2m L-glutamine, 1%
penicillin-streptomycin, and 10% FBS in a humidified standard
incubator with a 5% CO, atmosphere at 37°C. Prior to testing,
cells (1 x 10° cells/mL), grown as a monolayer, were harvested by
trypsinization using a 0.25% (w/v) trypsin/0.03% (w/v) EDTA solu-
tion. KB cells suspended in RPMI-1640 medium were seeded onto
well plates and cultured for 24 h prior to in vitro cell testing (Park
etal, 2011, 2012; Oh et al., 2012).

2.6. Phototoxicity

Phototoxicity of PLGA nanoparticles with light illumination was
tested for KB tumor cells (Park et al.,, 2011, 2012; Oh et al., 2012).
PLGA nanoparticles or free Ce6 dispersed in RPMI-1640 medium
were administered to cells plated in 96-well plates. The cells were
incubated with each sample for 4h and then washed three times
with PBS (pH 7.4). The cells were illuminated at a light intensity
of 5.2mW/cm? using a 670 nm fiber coupled laser system (with
continuous wave mode) for 10 min and then further incubated for
6 h in RPMI-1640/FBS medium.

Cell viability was determined using a Cell Counting Kit-8 (CCK-
8 assay). In addition, the cell viability test of KB cells treated
with PLGA nanoparticles (5-1000 pg/mL) without light illumina-
tion for 24 h was conducted to estimate the original toxicity of PLGA
nanoparticles.

2.7. Animal care

Invivo studies were conducted with 4 to 6-week old female nude
mice (BALB/c, nu/nu mice, Institute of Medical Science, Japan). Mice
were maintained under the guidelines of an approved protocol from
the Institutional Animal Care and Use Committee (IACUC) of the
Catholic University of Korea (Republic of Korea).

2.8. Invivo fluorescence imaging

For the in vivo animal experiments, KB tumor cells were
introduced into female nude mice via subcutaneous injection of
1 x 103 cells suspended in PBS pH 7.4 (ion strength: 0.15) medium.
When the tumor volume reached about 80 mm?3, PLGA nanopar-
ticles (i.v. dose: equivalent Ce6 0.1 mg/kg) or free Ce6 (i.v. dose:
2.5mg/kg)in PBS (150 mM, pH 7.4) was injected intravenously into
the tumor-bearing nude mice through the tail vein. A 12-bit CCD
camera (Image Station 4000 MM; Kodak, Rochester, NY, USA) pre-
pared with a special C-mount lens and a long wave emission filter
(600-700 nm; Omega Optical, Brattleboro, VT, USA) was used to
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capture live fluorescence images of the nude mice (Park etal., 2011,
2012; Ohetal., 2012; Lee et al., 2011a).

2.9. In vivo magnetic resonance (MR) imaging

PLGA nanoparticles (i.v. dose: equivalent 0.5mg Fe/kg) or
Feridex® (i.v. dose: 5mg Fe/kg) in PBS (150 mM, pH 7.4) were
injected intravenously into the KB tumor-bearing nude mice
through the tail vein. All MR imaging experiments were performed
with a clinical MR imaging instrument with a micro-47 surface coil
(Intera, Philips Medical Systems). For T;-weighted MR imaging of a
live nude mice, the following parameters were adopted: point reso-
lution =156 wm x 156 pwm, section thickness =0.8 mm, TR=300 ms,
TE = 16 ms, number of acquisitions = 3.

2.10. In vivo tumor therapy

PLGA nanoparticles (i.v. dose: equivalent Ce6 0.1 mg/kg) or free
Ce6 (i.v. dose: 2.5mg/kg) in PBS (150 mM, pH 7.4), or only PBS
(150 mM, pH 7.4, as a control) was injected intravenously into the
tumor-bearing nude mice through the tail vein. At 24 h after the
injection, the tumor sites of the nude mice were locally illuminated
for 40 min at a light intensity of 2.8 mW/cm? with a 670 nm fiber
coupled laser system (with continuous wave mode). The change
in tumor volume was monitored over time. Tumor volume was
calculated using the formula: tumor volume =length x (width)?/2.

3. Results and discussion
3.1. Synthesis of PLGA nanoparticles

As shown in Fig. 1a, the terminal hydroxyl (—OH) group of PLGA
was coupled to mPEG or Ce6 using DCC and DMAP, assessed by
TH NMR (DMSO-dg with TMS) peaks (Fig. 1b). The structure of the
core and the shell of PLGA nanoparticles was constructed by the
multi-emulsion W;/0O/W, (water-in-oil-in-water) method. Fe304
dispersed in de-ionized water (W7) was emulsified with PLGA-
mPEG and/or PLGA-Ce6 in DCM solution (O) and then injected into
1.0wt.% PVA and 0.9 wt.% NaCl aqueous solution (W5). This pro-
cess allowed the fabrication of PLGA nanoparticles consisted of a
hydrophilic polymer shell (mPEG) and a hydrophobic core [PLGA,
Ce6, Fe304]. In particular, the photo-sensitizing properties of Ce6
molecules and magnetic-responsive properties of Fe30,4 are essen-
tial to multifunctional PLGA nanoparticles (Fig. 1c). The PEG blocks
on the surface may be effective in minimizing potential immune
responses (Kizilel et al.,2010).In addition, we measured the content
of Fe;04 encapsulated into PLGA nanoparticles using a Jobin-Yvon
Ultima-C inductively coupled plasma-atomic emission spectrom-
eter (Prashant et al., 2010) and found encapsulation of 30-50 mg
Fe304 per 1g of PLGA nanoparticles.

We prepared various combinations of PLGA nanoparticles (NP1,
NP2, NP3, NP4 in Table 1) to assess their physicochemical proper-
ties in vitro. The average particle size of the PLGA nanoparticles with
a hydrophilic mPEG surface (NP1, NP2, NP4) was approximately
160 nm, similar to that of NP1 nanoparticles shown in Fig. 2a. How-
ever, NP3 nanoparticles without mPEG did not prevent extensive
particular aggregation due to a hydrophobicinteraction of the PLGA
surface, resulting in the formation of larger particles (~2 wm in
diameter). Except for the NP3 nanoparticles, PLGA nanoparticles
(NP1, NP2, NP4) were stable for one month under optimal con-
ditions without any precipitation. Over this time, no changes in
the size of the nanoparticles were observed (data not shown). The
image obtained from FE-SEM revealed that PLGA nanoparticles
are almost spherical (Fig. 2b). Their zeta potentials ranged from
—4.1mV to —3.3mV (Fig. 2¢), indicating that their negative zeta
potentials originated from PLGA, mPEG, Ce6 (Oh et al., 2012; Guo

and Gemeinhart, 2008; Park et al., 2012), and were not significantly
different. It is known that the zeta potential of colloidal particles
strongly influences their stability and half-life in blood (Lee et al.,
2010; Socha et al., 2009). A lower zeta potential generally increases
the colloidal stability and the circulation period in the body (Lee
et al,, 2010; Socha et al., 2009). Furthermore, PEGylation to parti-
cles have enabled to decrease the uptake of particles by the reticular
endothelial system (RES) in the liver and the spleen or immune
cells, such as macrophages (Lee et al., 2008, 2010). Our PEGylated
PLGA nanoparticles will present a prologed circulation time in body.
To substantiate this potential, further in vivo investigations such as
pharmacokinetic test will be required.

In addition, Fig. 2d shows the spherical shape of PLGA nanoparti-
cles and the homogenous distribution of Ce6 in PLGA nanoparticles,
confirmed by the Ce6 fluorescent image obtained from a fluores-
cence microscope.

3.2. Phototoxicity of PLGA nanoparticles

Fig. 3a presents the singlet oxygen generation from PLGA
nanoparticles during light illumination. For this test, we utilized
9,10-dimethylanthracene (DMA) as an extremely fast chemical
trap for the singlet oxygen (Park et al., 2011, 2012; Oh et al,,
2012). Fluorescent DMA reacts selectively with the singlet oxy-
gen to generate endoperoxide (Gomes et al., 2005), thus causing
the reduction in the fluorescence of DMA. We illuminated PLGA
nanoparticles with Ce6 molecules (NP1, NP2, NP3, equivalent Ce6
10 pg/mL) or free Ce6 (10 wg/mL) for 10 min at a light inten-
sity of 5.2mW/cm?2 using a 670nm laser source. Changes in
DMA fluorescence intensity were monitored in order to con-
firm singlet oxygen generation from PLGA nanoparticles or free
Ce6. The change in the DMA fluorescence intensity (Fg-Fs) indi-
cates the generation of substantially more singlet oxygen (Park
et al, 2011, 2012; Oh et al, 2012). PLGA nanoparticles (NP1,
NP2) stabilized in PBS (150mM, pH 7.4) generated higher sin-
glet oxygen than free Ce6 partially aggregated (Park et al., 2011,
2012) in PBS. Furthermore, the NP3 nanoparticles (~2 pum in
diameter) aggregated in PBS (150 mM, pH 7.4) appeared to be self-
quenched (Park et al., 2011, 2012), causing a significant reduction
of singlet oxygen generation from Ce6 during light illumination.
The enhanced singlet oxygen generation of NP1 nanoparticles
allowed relatively higher phototoxicity for human nasopharyn-
geal epidermal carcinoma KB cells (Fig. 3b), considering that NP1
nanoparticles before light illumination has no cytotoxicity for up to
1000 pg/mL in 24 h of culture (Fig. 3c). In addition, the phototox-
icities of NP1 and NP2 nanoparticles were not different (data not
shown).

3.3. Invivo imaging and photodynamic therapy of PLGA
nanoparticles

Fig. 4 shows an impressive contrast in in vivo fluorescent inten-
sities between the samples. Photo-sensitizing properties of the
Ce6 molecule in a near-infrared (NIR) region have been frequently
utilized to obtain a light-driven fluorescent in vivo image in ani-
mals (Park et al.,, 2011, 2012; Oh et al,, 2012; Baik et al.,, 2011).
The NP1 nanoparticles (equivalent Ce6 0.1 mg/kg body) adminis-
tered intravenously into KB tumor-bearing nude mice resulted in
a strong fluorescent Ce6 signal in the tumor site and provided a
clearer image of the tumor, although a fluorescent intensity was
also noted in the liver and the kidney. This result is comparable to
that administered free Ce6 (2.5 mg/kg) was localized in the kidney.
In particular, despite the high-dose administration of free Ce6 (up
to 2.5 mg/kg body), free Ce6 demonstrated a very weak fluorescent
Ce6 signal in the tumor site, reflecting its inefficiency for tumor
targeting. It seems that the enhanced permeability and retention
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Fig. 2. Characterization of PLGA nanoparticles. (a) Particle size distribution of PLGA nanoparticle (NP1). (b) FE-SEM images of NP1. (c) Zeta-potential of PLGA nanoparticles.
The concentration of each solution (PBS 150 mM, pH 7.4) was 0.1 mg/mL (n=3). (d) Fluorescence image of NP1 (red fluorescence: Ce6). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

(EPR) effect (Maeda and Matsumura, 2011) caused the extravasa- Fig. 5a shows in vivo T;-weighted MR imaging of each sample
tion of NP1 nanoparticles from the tumor vasculature and led to for KB tumor-bearing nude mice. The NP1 nanoparticles employing
preferential accumulation of NP1 nanoparticles in tumor tissues Fe304 (i.v. dose: equivalent Fe 0.5 mg/kg) displayed an enhanced T;

in vivo. This behavior of NP1 nanoparticles was also similar to that negative MR image for the tumor compared to the commercially
seen with fluorescent in vivo image of KB tumor-bearing nude mice available Feridex® (iv. dose: Fe 5mg/kg). The NP1 nanoparti-

treated with NP2 nanoparticles (data not shown). cles accumulating at tumor sites may diminish the spin-spin
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Fig. 3. Light-sensitive properties of PLGA nanoparticles in vitro. (a) The 9,10-dimethylanthracene fluorescence change (at Aex 360 nm and Aem 380-550 nm) of each PLGA
nanoparticle or free Ce6 in PBS (150 mM, pH 7.4). Singlet oxygen generation is indicated by change in the 9,10-dimethylanthracene fluorescence intensity (Fy-Fs, where F; is
the full 9,10-dimethylanthracene fluorescent intensity and Fs is the fluorescence intensity of each sample). (b) Phototoxicities determined by a Cell Counting Kit-8 (CCK-8)
of KB cells treated with NP1 or free Ce6. All cells were irradiated for 10 min at a light intensity of 5.2 mW/cm? using a 670 nm laser source and were then incubated for an
additional 12 h (n=7). (c) Cell viabilities of KB cells treated with NP1 (5-1000 p.g/mL) without light illumination for 24 h (n=38).
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Fig.4. Invivo non-invasive fluorescent imaging of nude mice harboring KB tumors. NP1 (i.v. dose: equivalent Ce6 0.1 mg/kg) or free Ce6 (i.v. dose: 2.5 mg/kg) was intravenously
injected into KB tumor-bearing nude mice through the tail vein, and fluorescent images were obtained after 8 h.

32

Fig.5. (a) Invivo T;-weighted MR imaging. NP1 (i.v. dose: equivalent Fe 0.5 mg/kg) or Feridex® (i.v. dose: Fe 5 mg/kg) was intravenously injected into KB tumor-bearing nude
mice through the tail vein. (b) Color mapping of the identical T;-weighted MR images.

relaxation time (T;) by dephasing the spin of neighboring water NP1 nanoparticles indicates that NP1 nanoparticles can be utilized
protons (Fortnum et al, 2009), leading to the darkening of as a novel MR imaging agent with a light luminescence activity.

T;-weighted image in the tumor site (Fig. 5). Color mapping for Fig. 6 shows the tumor volume regression of KB tumor-
the darkness of identical T;-weighted MR images (Fig. 5b) shows bearing nude mice injected only once with NP1 nanoparticles
more details of MR signal changes. Improved T; negative image of (equivalent Ce6 0.1 mg/kg body) or free Ce6 (2.5 mg/kg). At 24h
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Fig. 6. In vivo anti-tumor effect by PLGA nanoparticles. (a) Tumor volume regression in KB tumor-bearing nude mice injected with illuminated NP1 (i.v. dose: equivalent Ce6
0.1 mg/kg body), free Ce6 (i.v. dose: 2.5 mg/kg) or only PBS (150 mM) (control) (illumination for 40 min at a light intensity of 5.2 mW/cm? using a 670 nm laser source) (n=5).
(b) Optical photographs of KB tumor-bearing nude mice. The tumor site is indicated by a red dotted line. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
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post-injection, tumor sites were locally illuminated at a light
intensity of 5.2 mW/cm? using a 670 nm laser source for 40 min.
The administration of NP1 nanoparticles resulted in a significant
growth inhibition of the KB tumors. The tumor volume in the
nude mice treated with NP1 nanoparticles was approximately 1.5
or 3 times smaller than those treated with free Ce6 or PBS (con-
trol). When compared to high-dose administration of free Ce6
(2.5 mg/kg), low-dose administration of NP1 nanoparticles (equiv-
alent Ce6 0.5 mg/kg body) were found to be more efficient for tumor
regression.

4. Conclusion

Multifunctional PLGA nanoparticles exhibited an improved
in vivo luminescence imaging and photodynamic therapy for the
tumor site. The encapsulation of Fe3;04 allowed high contrast
MRI in vivo tumor imaging. Overall, the collective results from a
series of both in vivo imaging and therapy studies strongly sup-
port that multifunctional PLGA nanoparticles can improve effective
tumor diagnosis and treatment. We expect that these PLGA
nanoparticles that can be tailor-made for the desired function-
ality can further advance the technology for efficient anti-tumor
management.
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