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 Theranostic Probe Based on Lanthanide-Doped 
Nanoparticles for Simultaneous In Vivo Dual-Modal 
Imaging and Photodynamic Therapy  
 Typical molecular imaging methods, such as fl uorescence 
imaging and magnetic resonance imaging (MRI), have different 
sensitivities, spatial resolutions, and imaging depths. [  1  ,  2  ]  In vivo 
fl uorescence imaging provides high sensitivity and temporal 
resolution; however, penetration of visible light in living tis-
sues is not effi cient and spatial resolution is limited. MRI can 
produce non-invasive images with functional information and 
high spatial resolution anatomic details based on soft-tissue 
contrast; however, its sensitivity is relatively lower than other 
whole body imaging methods such as positron emission tom-
ography (PET). Therefore, various multimodal imaging probes 
combining different imaging modalities have been developed 
for more accurate imaging and diagnosis. [  3  ]  For example, nano-
particles combining fl uorescence imaging modality and MRI 
modality can offer the advantages of fl uorescence imaging, i.e., 
high sensitivity, along with the high spatial resolution anatomic 
imaging capability of MRI. [  4  ]  

 Recently, anti-Stokes fl uorophores, which emit shorter wave-
length light than excitation energy, have been proposed as next-
generation luminescent probes. [  5  ]  Among various anti-Stokes 
processes, the upconversion process [  6  ]  is more effi cient than 
second-harmonic generation (SHG) [  7  ]  or two-photon absorption 
© 2012 WILEY-VCH Verlag Gm
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(TPA), [  8  ]  because the upconversion process relies on multiple 
metastable energy levels. In the last decade, several studies 
on the synthesis and biomedical applications of upconverting 
nanoparticles (UCNPs) have been reported. [  9  ]  Because a near-
infrared (NIR) continuous-wave (CW) diode laser can be used 
as an excitation source, it can increase the penetration depth 
and suppress autofl uorescence in biological samples. [  10  ]  More-
over, UCNPs have high photostability and exhibit neither pho-
toblinking nor photobleaching. [  11  ]  In addition, they are less 
toxic than quantum dots composed of toxic heavy metal ions 
such as Cd 2 +  . [  12  ]  Recently, NaGdF 4 -based UCNPs have been 
developed as multimodal imaging probes, [  11a  ,  13  ]  and applied 
to animal studies. [  14  ]  Gd ions incorporated in the host matrix 
could enhance the contrast in T1 MRI. [  11a  ,  13a  ]  

 Furthermore, the energy conversion process of UCNPs can 
be exploited for therapeutic applications such as photodynamic 
therapy (PDT). Administered PDT drugs (photosensitizers) are 
activated by light; they generate cytotoxic reactive oxygen spe-
cies (ROS) from surrounding water molecules and induce cell 
death. PDT has long been used as an effective and non-invasive 
treatment for premalignant and malignant tumors. [  15  ]  Most 
photosensitizers for PDT are activated by visible light, which 
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     Figure  1 .     a) Schematic illustration of dual-modal imaging and PDT using UCNP–Ce6. b) Transmission electron microscopy (TEM) image of core–shell 
UCNPs. c) XRD pattern of core–shell UCNPs. Bottom line pattern is that of hexagonal phase NaYF 4  (JCPDS 16-0334). d) Emission spectra of UCNPs 
and UCNP–Ce6 under 980 nm excitation. Inset is the photograph of UCNPs (colorless) and UCNP–Ce6 solutions (green). e) Change of DMA fl uores-
cence due to generation of singlet oxygen from UCNPs and UCNP–Ce6 under 980 nm irradiation.  
has limited penetration depth in living tissue. When UCNPs 
are combined with PDT drugs, the NIR-to-visible upconver-
sion capability of UCNPs can be used to excite photosensi-
tizers through energy transfer, thereby activating drugs located 
deep in the tissue. The therapeutic effects of UCNP-PDT drug 
combinations have been reported in cellular-level and animal 
studies. [  16  ]  However, there have been no previous reports on the 
systemic administration of UCNP-based PDT agents. Herein, 
we report on dual-modal in vivo tumor imaging and PDT treat-
ment using UCNPs combined with photosensitizers ( Figure    1  a 
and Scheme S1 in the Supporting Information). Hexagonal 
phase NaYF 4 :Yb,Er/NaGdF 4  core–shell UCNPs were used for 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
upconversion luminescence imaging and MRI. Owing to the 
enhanced permeability and retention (EPR) effect, intravenously 
injected UCNPs were accumulated at the tumors. For inducing 
a therapeutic effect, a photosensitizer, chlorin e6 (Ce6), was 
incorporated in the UCNPs. The resulting UCNPs conjugated 
with Ce6 (UCNP–Ce6) were systemically administered, and 
could be used as contrast agents to clearly visualize tumors. We 
also demonstrated the therapeutic effect of UCNP–Ce6 in vivo 
under 980 nm irradiation.  

 For highly effi cient upconversion luminescence, hexagonal 
phase UCNPs with a core–shell structure were synthesized using 
the previously reported method [  9c  ,  17  ]  with some modifi cations. 
www.manaraa.com
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As-synthesized NaYF 4 :Yb,Er nanoparticles had a rod shape and 
a dimension of 33 nm (diameter)  ×  40 nm (length) (Figure S1, 
Supporting Information). In order to enhance upconversion 
luminescence [  9f   ]  and T1 MRI contrast, [  11a  ]  a NaGdF 4  shell 
was added to the NaYF 4 :Yb,Er core nanoparticles, obtaining 
NaYF 4 :Yb,Er/NaGdF 4  core–shell nanoparticles with a dimen-
sion of 42 nm (diameter)  ×  42 nm (length) (Figure  1 b and 
Figure S2 in the Supporting Information). Elemental analysis 
using inductively coupled plasma atomic emission spectros-
copy (ICP-AES) revealed the composition of the as-synthesized 
UCNPs (Table S1, Supporting Information). X-ray diffraction 
(XRD) patterns (Figure  1 c) confi rmed that the as-synthesized 
core–shell UCNPs had a hexagonal phase crystal structure 
(JCPDS 16-0334). The emission spectrum of the as-synthesized 
UCNPs (Figure  1 d) displayed characteristic green and red emis-
sion bands that correspond to the transitions from the emit-
ting energy levels of Er ions. The two green bands are attrib-
uted to Er transitions from  2 H 11/2  to  4 I 15/2  (520 − 540 nm) and 
 4 S 3/2  to  4 I 15/2  (540 − 560 nm), whereas the red emission band is 
attributed to the Er transition from  4 F 9/2  to  4 I 15/2  (640 − 680 nm). 

 Water-dispersible and amine-functionalized UCNPs encap-
sulated by poly(ethylene glycol) (PEG)-phospholipids were 
prepared by the method described previously with some 
modifi cations. [  11a  ]  For the therapeutic applications of UCNPs 
as PDT agents, UCNPs were combined with a photosensitizer, 
Ce6. Most photosensitizers are activated by visible light, and 
thus the shallow penetration depth of incident light has lim-
ited their wide applications. [  15  ,  18  ]  If the absorption of a PDT 
drug can be extended to the NIR range, the activation light can 
reach deeper into the lesion, and thus signifi cantly improve the 
effi cacy. The red emission from UCNPs is well matched with 
the absorption peak of Ce6 (Figure S3, Supporting Informa-
tion), and the energy transfer from UCNP to Ce6 enables indi-
rect activation of the photosensitizer by NIR light. [  16  ]  In order 
to maximize the loading of Ce6, physical adsorption of Ce6 
onto the particle surface and chemical conjugation between the 
UCNPs and Ce6 were combined. Owing to the hydrophobic 
property and planar structure of chlorin, Ce6 could be readily 
entrapped in hydrophobic phospholipid layers surrounding the 
UCNPs. In addition, the 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC) coupling reaction between the 
amine-functionalized UCNPs ( > 10 3  amine group per particle, 
Figure S4, Supporting Information) and the carboxy group of 
Ce6 was employed to form an amide bond. After purifi cation 
by column chromatography and centrifugation, the color of 
the resulting UCNP–Ce6 was green, which is the character-
istic color of Ce6; this indicated the successful conjugation of 
UCNPs with Ce6 (Figure  1 d, inset). The amount of Ce6 cal-
culated from the UV − vis absorption spectra was found to be 
 > 10 3  Ce6 per particle. As the amount of added Ce6 increased, 
the absorption peak at 660 nm also increased (Figure S5, Sup-
porting Information). The absorption measurement verifi ed 
the additional increase in Ce6 loading by the EDC reaction. 
The loading of Ce6 on the particle was also indicated by the 
reduced fl uorescence from Ce6 (Figure S6, Supporting Infor-
mation). When excited at 400 nm, Ce6 exhibits a character-
istic emission peak at around 660 nm. However, at the same 
excitation wavelength, the emission from UCNP–Ce6 showed 
signifi cant quenching. The reduced Ce6 fl uorescence after 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 
DOI: 10.1002/adma.201202433
conjugation implies that the distance between adjacent Ce6 
molecules was shortened enough to induce self-quenching. 
The resulting UCNP–Ce6 solution was very stable in aqueous 
media, which was proved by measuring the hydrodynamic 
diameter (Figure S7, Supporting Information). The hydro-
dynamic diameter of UCNP–Ce6 (62.6 nm) was very similar 
to that of UCNPs without Ce6 conjugation (66.6 nm), sug-
gesting that aggregation of UCNP–Ce6 was minimal upon Ce6 
loading. Furthermore, UCNP–Ce6 exhibited better colloidal 
stability than UCNPs without Ce6 in cell culture media, prob-
ably due to enhanced hydrophobic interaction by Ce6 incor-
poration (Figure S8, Supporting Information). There was also 
no observed morphological degradation of UCNPs at pH 4.5, 
demonstrating that UCNPs are chemically stable in a cellular 
environment (Figure S9, Supporting Information). 

 We investigated the generation of singlet oxygen ( 1 O 2 ) from 
the UCNP–Ce6 solution. The red emission (660 nm) from 
UCNP–Ce6 was signifi cantly lower than that of UCNPs owing 
to effi cient energy transfer from UCNPs to Ce6 (Figure  1 d, 
and Figure S10 in the Supporting Information). In contrast, 
the green emission was nearly unchanged after the Ce6 con-
jugation. Consequently, the intact green emission of UCNPs 
could be used for imaging, whereas the red emission could be 
exploited to excite Ce6 for therapeutic purposes. Generation 
of singlet oxygen from a UCNP–Ce6 solution was assessed 
using 9,10-dimethylanthracene (DMA) as a rapid chemical 
trap for singlet oxygen. [  18  ]  DMA is known to have a relatively 
high quenching rate constant and unique selectivity for sin-
glet oxygen. [  19  ]  A UCNP–Ce6 solution was mixed with DMA 
and then irradiated with a 980 nm CW laser (300 mW). The 
fl uorescence quenching of DMA during laser irradiation con-
fi rmed the generation of singlet oxygen by energy transfer from 
UCNPs to Ce6 (Figure  1 e). 

 Prior to the theranostic application of UCNP–Ce6, the cyto-
toxicity of UCNPs with and without Ce6 was evaluated by 
thiazolyl blue tetrazolium bromide (MTT) assay (Figure S11, 
Supporting Information). Nanoparticles of various concentra-
tions (0 − 0.5 mg of rare earth metal (RE) per mL) were incu-
bated with U87MG cells for 24 h at 37  ° C. Both UCNPs and 
UCNP–Ce6 exhibited a negligible cytotoxicity up to 0.25 mg of 
RE per mL, demonstrating that they are suitable for biomedical 
applications. 

 The blood circulation half-life and biodistribution of UCNPs 
and UCNP–Ce6 were also examined by measuring the Y 3 +   ion 
concentration in the blood and organs. BALB/c mice were 
injected with UCNPs and UCNP–Ce6 through the tail vein 
(0.1 mg of RE per mouse). The blood circulation half-lives of 
UCNPs and UCNP–Ce6 were 4.2 and 21.6 min, respectively 
(Figure S12, Supporting Information). The longer blood life-
time of UCNP–Ce6 may be related to the better colloidal sta-
bility of UCNP–Ce6 compared to UCNPs (Figure S8, Sup-
porting Information). A long blood circulation time would be 
benefi cial for imaging and diagnosis. Biodistribution of UCNPs 
and UCNP–Ce6 indicated that considerable numbers of UCNPs 
accumulated in the liver and spleen owing to the reticuloen-
dothelial system (RES) (Figure S13, Supporting Information). 
The amount of UCNP–Ce6 in these organs 7 days post-injec-
tion was much lower than that of UCNPs. Facile excretion of 
UCNP–Ce6 would decrease the possibility of long-term toxicity. 
www.manaraa.com
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     Figure  2 .     a,b) Upconversion luminescence images of nude mice after 1.5 h intravenous injection a) without and b) with UCNPs. Left are bright fi eld 
images, middle are red luminescence images, and right are green luminescence images. c,d) Upconversion luminescence images of nude mice 
bearing tumor after intravenous injection of c) UCNPs and d)UCNP–Ce6. Arrows indicate tumor sites. Top row is bright fi eld images, middle row is 
true-color images of green luminescence, and bottom row is pseudo-color images converted from the corresponding true-color images (middle row) 
using  ImageJ  image analysis software (http://rsb.info.nih.gov/ij/). Red luminescence was recorded using a red band pass fi lter (641.5 − 708.5 nm, 
Semrock), and green luminescence was recorded using a combination of a green band pass fi lter (517 − 567 nm, Semrock) and a 850 nm short pass 
fi lter (SPF-850, CVI).  
 For in vivo optical imaging studies, nude mice were injected 
with UCNPs through the tail vein (0.1 mg of RE per mouse) 
and imaged using a home-built imaging setup (Figure S14, 
Supporting Information). As demonstrated in the previous cel-
lular imaging studies, [  11  ,  20  ]  no background autofl uorescence 
from the mouse body was observed under 980 nm irradiation 
without the injection of UCNPs ( Figure    2  a). Vivid green and 
red emissions from the liver were observed 1.5 h after the intra-
venous injection (Figure  2 b). The red signal was more intense 
than the green signal, which is in accordance with the emission 
spectra of UCNPs in solution (Figure  1 d). Because the overall 
hydrodynamic diameter of UCNPs coated with PEG-phosphol-
ipid was approximately 70 nm, they were rapidly accumulated 
in the liver and spleen, which was consistent with the biodistri-
bution data.  

 In vivo tumor imaging was also performed using UCNPs. 
Nude mice bearing a U87MG tumor on the right hind leg were 
injected with UCNPs through the tail vein (0.1 mg of RE per 
mouse). Upconversion luminescence images of the mice were 
collected at different intervals, and green and red emissions 
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
from tumors were recorded (Figure  2 c). The emission intensity 
was relatively lower than that from the liver, because the blood 
circulation time of UCNPs was very short, and the amount of 
UCNPs in the tumor tissue was much smaller than that in the 
liver. 

 Photosensitizer, Ce6, was introduced to the UCNPs not only 
for therapeutic effect but also for increased accumulation of 
UCNPs in the tumors. Owing to the lyphophilic property of 
Ce6, UCNP–Ce6 tends to accumulate in tumors, resulting in 
a signifi cant increase in the signal-to-noise ratio. [  21  ]  Under the 
same measurement conditions, UCNP–Ce6 provided a clearer 
tumor image than UCNPs alone (Figure  2 c,d). Green signals 
from the nanoparticles decreased with time. In the case of 
UCNPs, emission from the tumor was most intense 2 h after 
the injection, but their signal dropped rapidly, and very weak 
signals were detected 24 h after the injection. Unlike UCNPs, 
UCNP–Ce6 showed bright green signals from the tumor site 
for up to 6 h after the injection. Although the upconversion 
luminescence from UCNP–Ce6 decayed with time, the green 
emission persisted even 24 h after the injection; this result 
www.manaraa.com
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     Figure  3 .     a) Plot of R1 (1/T1) and R2 (1/T2) as a function of Gd concentrations in water. b) T1-weighted MR images of U87MG cell pellets incubated 
with UCNP–Ce6 for 24 h. c,d)T1-weighted MR images (top row) and color maps of T1-weighted MR images (bottom row) of a tumor-bearing nude 
mouse before and after 1.5 h intravenous injection of UCNP–Ce6. Arrows indicate tumor sites. All images were recorded using a 3 T MRI scanner.  
indicated that Ce6 enhanced the accumulation and retention of 
nanoparticles in the tumors (see also Figure S15, Supporting 
Information). 

 To demonstrate the dual-modal capability of UCNPs, 
T1-weighted MR images of UCNP solutions with different Gd 
concentrations were obtained with a 3 T clinical MRI scanner. 
As the concentration of Gd ions increased, the T1-weighted 
MR images became brighter, and the T1 relaxation time was 
shortened. The r1 value of the UCNPs was 3.17 m M   − 1  s  − 1  
( Figure    3  a), which is lower than that of clinically used Gd-
DTPA (5 − 6 m M   − 1  s  − 1 ). However, the r1 value was higher than 
that of previously reported nanoparticles of NaGdF 4 :Yb,Er/
NaGdF 4  (1.40 m M   − 1  s  − 1 ), [  11a  ]  because Gd ions reside only at the 
shell matrix of the current UCNPs (Table S1, Supporting Infor-
mation). Very recently, it was reported that Gd ions near the 
particle surface mainly contribute to the relaxivity. [  22  ]   

 Along with successful luminescent tumor imaging, UCNP–
Ce6 was applied to in vitro and in vivo tumor imaging by MRI. 
The MR contrast of U87MG cells labeled with UCNP–Ce6 
(Figure  3 b) was clearly enhanced, demonstrating that UCNP–
Ce6 could be used as an effective T1 MRI contrast agent. For 
in vivo MR imaging, nude mice bearing a U87MG tumor on 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 
DOI: 10.1002/adma.201202433
the right hind leg were injected with UCNP–Ce6 through the 
tail vein (1.5 mg of RE (0.5 mg of Gd) per mouse). Because the 
sensitivity of T1 MRI is considerably lower than that of lumi-
nescence imaging, in T1 MRI, 15 times more nanoparticles 
were injected to achieve signifi cant contrast enhancement in 
tumors (Figure  3 c and 3d, and Figure S16 in the Supporting 
Information). 

 Generation of singlet oxygen from UCNP–Ce6 in live 
cells was confi rmed by using 5- (and 6-)carboxy-2′,7′-dichl-
orodihydrofl uorescein diacetate (carboxy-H 2 DCFDA) as a fl uoro-
genic marker. [  16b  ]  In the presence of singlet oxygen, the reduced 
fl uorescein compound is oxidized and emits bright green fl uo-
rescence. When the U87MG cells were incubated with UCNPs, 
the cells exhibited negligible green fl uorescence under 980 nm 
irradiation ( Figure    4  a, and Figure S17a in the Supporting Infor-
mation). However, the cells that were incubated with UCNP–
Ce6 and irradiated at 980 nm showed bright green fl uorescence 
(Figure  4 b and Figure S17b in the Supporting Information). The 
PDT effect was also investigated by measuring cell viability using 
the MTT assay. There was a signifi cant decrease in cell viability 
with UCNP–Ce6 and laser irradiation, whereas cell viability was 
nearly unchanged in the absence of laser irradiation (Figure  4 c).  
www.manaraa.com
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     Figure  4 .     a,b) Detection of singlet oxygen in live cells incubated with a) UCNPs and b) UCNP-Ce6. The cells were exposed under 980 nm NIR laser 
(300 mW) for 5 min. Green fl uorescence indicates the presence of singlet oxygen, and blue fl uorescence indicates nuclei of the cells. c) Cell viability of 
U87MG cells incubated with UCNP–Ce6, with or without exposure to 980 nm laser ( n   =  5 for each group). d) Growth of tumors after treatments ( n   =  
3 for each group). The relative tumor volumes were normalized to their initial sizes. [  16d  ,  23  ]   
 In vivo PDT was also performed using UCNP–Ce6 
(Figure  4 d). Nude mice bearing a U87MG tumor on the right 
hind leg were injected with UCNP–Ce6 through the tail vein 
(0.1 mg of RE per mouse). Under 980 nm irradiation, tumor 
growth was inhibited, while non-treated tumors grew sig-
nifi cantly. Histological examination also confi rmed the tumor 
necrosis induced by UCNP–Ce6 and laser irradiation (Figure S18, 
Supporting Information). These results clearly demonstrate the 
clinical applicability of UCNP–Ce6 as PDT agents. 

 In summary, dual-modal in vivo tumor imaging and PDT 
were performed using photosensitizer-conjugated lanthanide-
doped nanoparticles. Hexagonal phase NaYF 4 :Yb,Er/NaGdF 4  
core–shell UCNPs could be used for both in vivo luminescence 
imaging and MRI and conjugated with Ce6, a PDT drug. UCNP–
Ce6 nanoparticles were readily accumulated in tumor sites by 
the EPR effect. Tumors could be clearly observed not only in the 
upconversion luminescence image but also in the MR image. 
Upon irradiation by a 980 nm laser, UCNPs could transfer the 
excitation energy to Ce6, which could then generate cytotoxic 
singlet oxygen. Through the systemic administration of UCNP–
Ce6 followed by 980 nm irradiation, an in vivo PDT effect could 
be demonstrated. These results clearly indicate that UCNP–Ce6 
can be used not only as dual-modal imaging probes for accurate 
diagnosis but also as PDT agents for effi cient therapy.  

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
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