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T
hemajor challenge in current chemo-
therapy is to increase local effective
therapeutic concentration of drugs as

well as to minimize toxicity and side effects
for patients. Several strategies including (1)
active targeting therapy, (2) sensitization of
cancer cells to therapeutic modalities, and
(3) localized controlled activation for release
of drugs can be implemented to approach
this goal. Active targeting provides an effi-
cient delivery of drug to the malignant cells,
resulting in high local concentration of che-
motherapeutics. However, such an active
targeting approach still suffers from certain
limitations, such as the heterogeneity in
receptor expression among different cancer
cells. Thus, the targeted delivery of drugs to

their desired site of action in a controlled
manner plays an essential role in the devel-
opment of drug formulations. It is fascinat-
ing to construct a stimuli-responsive active
targeted drug delivery system. Recently,
a phototargeting approach offering on-
demand targeting capability has attracted
increasing interests.1�3 Phototargeting refers
to a caged molecule rendered biologically
inert by a photolabile protecting group.
Molecules are illuminated with light to liber-
ate the caged group and then become
active forms. The phototargeting approach
could be potentially adopted to improve
specific adsorption and cellular uptake for
cell-penetration peptides and tumor-homing
agents. However, the use of high-energy
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ABSTRACT The major challenge in current chemotherapy is to

increase local effective therapeutic concentration of drugs as well as to

minimize toxicity and side effects for patients. The targeted delivery of

drugs to their desired site of action in a controlled manner plays an

essential role in the development of drug formulations. A photocage

refers to a caged molecule rendered biologically inert by a photolabile

protecting group. Molecules are illuminated with light to liberate the

caged group and then become active forms. In this study, we formulate

upconversion nanoparticles (UCNPs) as the NIR-triggered targeting and

drug delivery vehicles that successfully deliver in vitro and in vivo for near-

infrared light photocontrolled targeting, bioimaging, and chemotherapy.

It is noted that there has been no report on the systemic administration UCNP-based drug delivery agents for evaluation of bioimaging and chemotherapy.

To achieve phototargeting, the tumor-homing agent (i.e., folic acid) has been constructed as a photoresponsive molecule. For the chemotherapeutic effect,

the antitumor drug doxorubicin is thiolated on the surface of UCNPs, forming a disulfide bond that can be cleaved by lysosomal enzymes within the cells.

The caged UNCPs can serve as a platform for the improvement of selective targeting and possible reduction of adverse side effects from chemotherapy.
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ultraviolet (UV) light, which can hardly penetrate the
tissue, hampers its potential use in further in vivo

biomedical applications. Oneway to bypass this hurdle
is to utilize near-infrared (NIR) responsive UCNPs.
UCNPs are capable of converting NIR light into a range
of different wavelengths of light in UV, visible, and NIR
regions by emitting high-energy photons from lower-
energy photons.4�13 Herein, we report a lanthanide-
doped upconverting nanoparticle (UCNP)-based drug
agent that selectively delivers drug to the targeted area
on the basis of a photocage technique that uses light
to manipulate photoactive compounds.
It has been established that the UCNPs possess

several advantages including weak background fluo-
rescence that can enhance the signal-to-noise ratio,
low photobleaching, and deep tissue penetrationwith-
out causing photodamage.14�16 Because of the afore-
mentioned benefits, UCNPs have received significant
attention and much efforts for in vitro and in vivo

applications in biolabeling and optical fluorescence
imaging.9,17�28 Their studies for in vivo therapeutic
treatments remain limited in some pioneering exam-
ples where the photodynamic therapy, by taking ad-
vantage of the energy conversion in UCNPs, has been
a focus to date.29�34 Meanwhile, there has been no
report on the systemic administration of UCNP-based
drug delivery agents for evaluation of bioimaging and
chemotherapy. The limited progress with a handful
of studies have been made to demonstrate in vitro

drug storage/release behavior or intracellular delivery
of drugswith UCNPs.35�38 For example, the drugswere
either encapsulated in the porous structure, such as
core�shell UCNPs or the mesoporous SiO2-coated
UNCPs, or carried by physical adsorption on UCNPs.
In this study, we introduced UCNP as a NIR-triggered

targeting and drug delivery vehicle. The UV photons

emitted by the UCNPs triggered photoresponsive folic
acid (FA) by activating the photocleavage reaction
to proceed targeting of cancerous cells. FA is a low
molecular weight vitamin and has high affinity to folate
receptor (FR), a membrane-anchored protein.39�41

FR can be found often overexpressed on cancer cell
surfaces.42�44 However, the number of FR expressed
heterogeneously among different cancer cells limits
the tumor delivery capacity of FR endocytosis. In
addition, significant FR expression occurs in the normal
kidney cells also.45,46 In order to improve targeting
selectivity, we have masked FA using a caging mole-
cule and conjugated on UCNPs. Upon irradiation of
a 980 nm diode laser on UCNPs, the emitted UV
light (360 nm) photocleaved the o-nitrobenzyl (ONB)
photolabile group, releasing cage molecules that
allowed FA to target FR (Scheme 1). To provide chemo-
therapeutic function, doxorubicin (DOX) was thiolated
on the surface of UCNPs, forming a disulfide bond
that can be cleaved by lysosomal enzymes within the
cells.47�50

RESULTS AND DISCUSSION

Synthesis and Characterization of UCNPs. The UCNPs,
NaYF4:Yb,Tm, were synthesized following the reported
literature.51,52 Figure 1a shows the TEM image of the
dispersed and uniform size UCNPs with an average
diameter of ca. 35 ( 2 nm. The visual photograph of
UCNPs in hexane displayed a blue color (inset of
Figure 1a). The high-resolution TEM (HR-TEM) image
(Figure 1b) of a single UCNP showed hexagonal crystal
structure with an interplanar distance of 2.7 Å corre-
sponding to the (200) plane of the NaYF4 nanocrystals.
The electron diffraction measurements further sup-
ported single-crystalline structure (inset of Figure 1b).
X-ray diffraction (XRD) patterns (Figure 1c) can be

Scheme 1. Illustration of photocaged UCNPs following NIR laser activation to remove cage molecules and subsequent
targeting of cancer cells.
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indexed to pure hexagonal-phase NaYF4 crystals
(JCPDS standard card no. 28-1192). The as-prepared
UCNPs were capped with oleic acid and hence dis-
persed in hexane. Under excitation of UCNPs in hexane
at 980 nm diode laser, the fluorescence spectra
(Figure 1d) showed emission peaks at 346, 360, 450,
474, 646, and 800 nm, which were assigned to the
1I6 f

3F4,
1D2 f

3H6,
1D2 f

3F4,
1G4 f

3H6,
1G4 f

3F4,
and 3H4 f

3H6 transition from Tm3þ, respectively.53,54

For further biomedical studies, the as-prepared
hydrophobic UCNPs were coated with a silica shell to
become hydrophilic by following the reported micro-
emulsionmethod.55�58 TheUCNPs@SiO2 had a particle
size of 49.8 nm, measured by TEM, with a homoge-
neous silica deposition of 7.4 ( 1.3 nm thickness
(Figure 1e). UCNPs@SiO2 dispersed in H2O retained
the same emission spectral behavior and exhibited
visible photoluminescence under the excitation of
a 980 nm laser (inset of Figure 1e). The visible and
NIR emission intensity of the UCNPs@SiO2 in water
decreased by∼40�50% efficiency compared to that in
hexane. However, the intensity of the UV peak at
360 nm was not affected after silica shell coating
(Figure 1d). For the in vitro and in vivo studies, we have
dispersed UCNP@SiO2 in each of the following: cell
culture Dulbecco's modified Eagle's medium (DMEM),
phosphate buffered saline (PBS) with pH 7, and
PBS with pH 5. PBS at pH 7 mimics the extracellular

environment, whereas PBS at pH 5 is examined for the
intracellular endosome/lysosome environment. UN-
CP@SiO2 showed no aggregation and no degradation
of the silica shell for 10 days (Supporting Information
Figure S1). To form PEGylated UCNPs@SiO2 with the
anticancer drug DOX conjugated on the surface,
UCNPs@SiO2 were further modified with 3-amino-
propyltriethoxysilane (APTES). The change in zeta-
potential from �25.9 mV for UCNPs@SiO2 to þ33.0 mV
for UCNPs@SiO2-APTES confirmed the proper loading
of APTES on the surface of UCNPs@SiO2, which exposes
the �NH2 group for further anchoring. There was no
change in the emission spectrum of modified UCNPs
(UCNPs@SiO2-APTES) as compared to UCNPs@SiO2.
It is noted that UCNPs@SiO2-APTES can be stored over
3 months without any change in morphology and
emission behavior. FTIR analysis gives information on
the surface moiety and provides additional evidence
about the transformation of particles from UCNPs with
oleic acid to UCNPs with a silica layer, then to APTES-
functionalized UCNPs@SiO2 (Figure S2).

Next, we conjugated DOX and PEG (HOOC-PEG-
COOH,MW=6000) onUCNPs@SiO2-APTES in sequence.
The UCNPs@SiO2-APTES containing amino groups were
functionalized with N-succinimidyl 3-(2-pyridyldithio)-
propionate (SPDP), which contains a disulfide bond in
the spacer arms and can be cleaved by the reduction
process with dithiothreitol (DTT). The detailed illustration

Figure 1. (a) TEM image of NaYF4:Yb,Tm nanoparticles (inset: visual photograph in hexane), and the corresponding (b) HR-
TEM image (inset: electron diffraction pattern) and (c) XRD pattern of NaYF4:Yb,Tm nanoparticles. (d) Fluorescence spectra of
NaYF4:Yb,Tm nanoparticles in hexane and silica-coated NaYF4:Yb,Tm particles in H2O at a concentration of 0.2 mg/mL under
980 nm excitation. (e) TEM image of silica-coated NaYF4:Yb,Tm nanoparticles (inset: visual photograph in H2O).
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of surface modification can be seen in experimental
section of Supporting Information. As a result of this
cleavage, pyridine-2-thione (P2T) was released, which
can be quantified at 343 nm absorbance, hence we are
able to quantify the number of SPDP molecules on the
UCNP surface, giving 2/3 amino groups on the UCNPs@-
SiO2-APTES modified with SPDP molecules (Figure S3).
The remaining amino groupswere then conjugatedwith
carboxylate groups of PEGmolecules (MW 6000) to form
an amide bond through (1-ethyl-3-(3-dimethylamino-
propyl)carbodiimidehydrochloride and n-hydroxy-
succinimide (EDC/NHS) chemistry. Dynamic light
scattering (DLS) measurements showed average di-
ameter of 116 nm for the PEGylated UCNPs@SiO2

particles. Once we formulated the PEGylated UCNPs@
SiO2, the DOXwas incorporated on the surface, yielding
PEGylated UCNPs@SiO2-DOX. DOX thiolation is in ac-
cordancewith the reportedmethodwhere the 2-imino-
thiolane hydrochloride was added to react with DOX.59

Subsequently, the thiolated DOX was conjugated to
SPDPmolecules on the particle surface. Once again, the
cleavage of disulfidebonds by the reduction of DTTwas
used to quantify 0.024 mol of DOX per mole of Y3þ ion
on the PEGylated UCNPs@SiO2. The quantity of DOX
was measured from fluorescence emission at 555 nm
of the liberated DOX in the supernatant solution after
reaction and calculated based on the calibration curve
according to DOX concentration.

Prior to conjugation of FA on PEGylated UCNPs@-
SiO2, we examined caging effectiveness in pure FA
without particles. The carboxylate moiety of FA exhi-
bits high affinity toward the folate receptor of the cell
surface.60 1H NMR spectroscopy of free FA displayed
the appearance of a peak at 12.8 ppm, indicating the
presence of carboxylate groups (Figure S4a). Once the
�COOH groups of FA were completely masked by the
molecule 2-nitrobenzylamine (NBA) through formation
of amide bonds by EDC/NHS conjugation, the peak
at 12.8 ppm disappeared accompanied with multiplet
peaks in the range of 7�8.5 ppm chemical shift,
attributed to aromatic rings of NBA (Figure S4b).
FA/NBA mole ratio (adding amount ratio) is 1/5.

The aforementioned results successfully demon-
strated that �COOH groups of FA can be caged using
photolabile protecting NBA molecules. The caged
folate design was then applied on the PEGylated
UCNPs@SiO2 where the exposed �COOH groups of
PEG formed an amide bond with the �NH2 groups
of the opposite terminus of FA. For the purpose of
simplicity, the PEGylated UCNPs@SiO2 particles, used
to evaluate the conjugation of FA and cage NBA,
did not carry DOX for the following experiments. The
proper FA functionalization was confirmed by the
appearance of the FA absorption band at 284 and
360 nm from UV�vis spectra (Figure S5). The amount
of immobilized FA was measured from the decrease
in the UV�vis absorbance intensity of FA left in the

supernatants and calculated based on a calibration
curve according to FA concentration. It was estimated
that there was approximately 0.015 mol FA/mol Y3þ

ions for PEGylated UCNPs@SiO2. The zeta-potential
measurements revealed the surface charges as
�26.6 mV on folate-PEGylated UCNPs@SiO2. Addi-
tional evidence of FA conjugation was obtained
from FTIR spectra of the corresponding molecules
(Figure S6). The absorption peaks can be fitted with
pure FAmolecules. Subsequently, the folate-PEGylated
UCNPs@SiO2 was further conjugated with cage NBA.
The conjugation amount was calculated as 0.011 mol
NBA/mol Y3þ. Because of the similarity in aromatic
characteristics between cageNBA and FA, both UV�vis
and FTIR measurements cannot give clear evidence
for the presence of NBA caging on folate-PEGylated
UCNPs@SiO2. The photolabile nature of the cage
NBA was evidenced by the observation of the absor-
bance peak of the photocleavage product 2-nitro-
benzaldehyde appearing at 285 nm. Photolysis was
performed using a Hg lamp with a distance fixed at
3 cm between the optical fiber head and the illuminat-
ing place. The caged folate-PEGylated UCNPs@SiO2

was dispersed in PBS buffer (pH 7.4) and exposed
to light as a function of illumination time (Figure S7).
The 2-nitrobenzaldehyde increases as exposure time
is prolonged. In addition, the reverse-phase HPLC
performance was conducted to observe cleavable
2-nitrobenzaldehyde product by irradiation of caged
folate-PEGylated UCNPs@SiO2, as well. A 980 nm laser
irradiation detached the 2-nitrobenzaldehyde with
absorption at 285 nm, which was observed at a reten-
tion time of 19.4min in HPLCmeasurement (Figure S8).

In Vitro Phototargeting Studies. We have chosen malig-
nant HeLa human cervical epithelial carcinoma cells
(FR-positive), A549 human lung adenocarcinoma
epithelial cells (FR-negative), andMRC-5 normal human
fibroblast cells to inspect expression of folate receptors.
The cell binding assays were evaluated using FOLR1
monoclonal antibody and secondary antibodies
(NorthernLights antimouse IgG-NL493) (Figure S9).
The fluorescent immunocytochemistry (ICC) staining
results showed that the HeLa cells displayed stronger
FITC fluorescence, indicating greater expression of
folate receptors on the HeLa cell membrane, whereas
A549 and normal MAC-5 cells showed no apparent
FITC fluorescence. For the validation of antimouse
IgG-NL493 with human cells, we also used incubation
buffer without primary antibody (human FOLR 1) to
characterize the nonspecific binding of antimouse
IgG-NL493 in HeLa cells (Figure S10). The secondary
antibody of antimouse IgG-NL493 cannot bind on cell
membranes with a folate receptor, and the fluores-
cence signal was not observed in this negative control.
Following this fluorescent ICC examination, we com-
pared the targeting performance of the caged folate-
PEGylated UCNPs@SiO2 bound to the cell surfaces of
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HeLa and A549 cells at 4 �C, which is a temperature
known to retard vesicular trafficking pathways.61,62

Prior to perform phototargeting studies of caged
folate-PEGylated UCNPs@SiO2 using a 980 nm diode
laser, the 980 nm irradiation of H2O was performed as a
function of exposure time under different laser power
intensity. Because H2O has an absorbance at 980 nm,
the elevation of H2O temperature depended on the
laser intensity and irradiation time (Figure S11). We
have chosen conditions of 11 W/cm2 and 1 min ex-
posure for irradiation, which resulted in 37.7 �C to avoid
overheating and damaging cancer cells. As expected,
the uncaged folate-PEGylated UCNPs@SiO2 readily
attached on HeLa cells following a process with 20 min
incubation at 4 �C (Figure 2a).

The untargeting nanoparticles were removed by
PBS wash and then subjected to inductively coupled
plasma atomic emissionmeasurements for the particle
uptake. The uptake increased with particle dosage.
On the contrary, caged folate-PEGylated UCNPs@SiO2

showed significantly reduced affinity to folate receptor
with only some particle uptake. Because 70% of FAwas
blocked by NBA as determined from aforementioned
results, the residual unmasked FA could have shown
meager binding activity resulting in some particles
on cells when treated with caged folate-PEGylated
UCNPs@SiO2. Upon 980 nm laser irradiation for 1 min
at 11 W/cm2, the number of particles uptaken by cells
apparently increased (Figure 2a), where the cells were
exposed to NIR light for 1 min, followed by additional
20 min incubation performed at 4 �C. The control
experiments using PEGylated UCNPs@SiO2 without
FA were conducted to evaluate cellular uptake, as well
(Figure S12). No apparent particles uptaken by cells
were seen without laser irradiation. In the absence
of laser irradiation, the cells treated with PEGylated
UCNPs@SiO2 were subjected to incubation at 4 �C for
20 min before evaluation. Phototargeting experiments
were also carried out on malignant lung A549 cells
to compare with those of HeLa cells; the low FR

Figure 2. (a) Cell targeting of folate-PEGylated UCNPs@SiO2 and caged folate-PEGylated UCNPs@SiO2 particles for HeLa
(FR-positive) cells at 4 �C for 20min. Thegroup exposed to lightwas performedusing a 980nmdiode laser for 1min irradiation at
11W/cm2. (b) Phototargeting studies of caged folate-PEGylated UCNPs@SiO2 for HeLa (FR-positive) and A549 (FR-negative cells)
cells at 4 �C upon 1 min laser irradiation (11 W/cm2). (c) Cell viability studies of HeLa cells incubated individually with folate-
PEGylated UCNPs@SiO2, free DOX, folate-PEGylated UCNPs@SiO2-DOX, and caged folate-PEGylated UCNPs@SiO2-DOX with a
series of dosage (5, 10, 50, 100 ppm) based on Y3þ concentration. The 5, 10, 50, and 100 ppm correspond to 0.13, 0.27, 1.34, and
2.67 μM of DOX carried by the particles. One minute of irradiation was operated under 11 W/cm2, while 2 min irradiation was
conducted at 9.6 W/cm2.
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expression of A549 exhibitedmuch less particle uptake
(Figure 2b). These results support the susceptibility of
our phototargeting design to improve selective uptake
for tumor-homing agents.

Intracellular Drug Delivery Studies. Next, the intracellular
drug delivery was studied for caged folate-PEGylated
UCNPs@SiO2 carrying DOX (caged folate-PEGylated
UCNPs@SiO2-DOX) (Figure 2c). TEM image shows caged
folate-PEGylated UCNPs@SiO2-DOX retaining disper-
sion without aggregation even after 3 months storage
(Figure S13). As shown in Figure 2c, there are materials
of folate-PEGylated UCNPs@SiO2, free DOX, folate-
PEGylated UCNPs@SiO2-DOX, and caged folate-
PEGylated UCNPs@SiO2-DOX individually treated with
HeLa cells and subjected to MTT assays. The particles
treated with HeLa cells had the dosages of 5, 10, 50,
and 100 ppm that were based on Y3þ concentration
corresponding to 0.13, 0.27, 1.34, and 2.67 μM of DOX
carried by UCNPs, respectively. To demonstrate the on-
demand drug toxicity only when the luminescent
light was on, all of the experiments followed the same
sequence with 4 �C/20 min incubation f 37 �C/24 h
culture, so that the particles bound to the cell surface at
4 �C was internalized into cells at 37 �C. The untargeted
particles were washed away by PBS before 24 h of
culture at 37 �C. For the groups with light exposure,
the HeLa cells treated with caged folate-PEGylated
UCNPs@SiO2-DOX were irradiated for 1 (11 W/cm2) or
2min (9.6W/cm2) at 4 �C and then incubated for 20min
at 4 �C prior to 24 h culture. No cell reduction was
observed when cells alone were exposed to NIR laser.
The material, folate-PEGylated UCNPs@SiO2, did not
show toxicity when the dosage was up to 100 ppm.
The free DOX also did not cause noticeable cell toxicity,
as the viability remains above 90%. On the other hand,
folate-PEGylated UCNPs@SiO2-DOX particles exhibited
their targeting potential for FR-positive HeLa cancer
cells.

The reduction in cell viability increased with DOX
drug concentration. The cell viability dropped to 57%
at 2.67 μM of DOX (100 ppm [Y3þ]). When the folate
was caged, caged folate-PEGylated UCNPs@SiO2-DOX,
the targeting ability was reduced, and hence MTT
evaluation displayed an increase in cell survival rate
at different particle dosage, where the survival value
was up to 90% at 2.67 μM DOX (100 ppm [Y3þ]). Upon
980 nm laser (11 W/cm2) irradiation for 1 min, the
group of caged folate-PEGylated UCNPs@SiO2-DOX
apparently increased cell damage and reduced viabi-
lity to∼57% at 2.67 μMDOX (100 ppm [Y3þ]). Basically,
the caged folate-PEGylated UCNPs@SiO2-DOX (with
laser irradiation) exerted an effect on cell damage
comparable to those of folate-PEGylated UCNPs@
SiO2-DOX. It is noted that the degree of the cell viability
is associated with both factors of laser intensity and
irradiation period. For example,∼50% survival ratewas
obtained when the cells were treated with particles

exposed to the 980 nm diode laser with 9.6 W/cm2

for 2 min. We further visualized subcellular localization
of the DOX and particle uptake. Folate-PEGylated
UCNPs@SiO2-DOX and caged folate-PEGylated UCNPs@
SiO2-DOX were incubated with HeLa cells following the
sequence with 4 �C/20 min incubation f 37 �C/24 h
culture. The differential interference contrast (DIC) and
confocal fluorescence field images are illustrated in
Figure S14. The lysosomes were stained with Lyso-
Tracker (green color). The red signal represented DOX.
We found some DOX (red color) were packaged with
lysosomes (green color) as the intracellular delivery path-
way. In terms of release, a large quantity of DOX was
distributed across the cytoplasmandwas not colocalized
with lysosome tracker, as well. This suggests that DOX
located in the cytosol and may have escaped from the
lysosomes to the cytosol. No red fluorescence was seen
from the cells treated with caged folate-PEGylated
UCNPs@SiO2-DOX (in the absence of a 980 nm laser
illumination), indicating that UCNPs cannot effectively
enter into cells due the lack of FA targeting ability.

In Vitro Cell Imaging. The NIR light-triggered FA-
targeting and intracellular drug delivery was further
demonstrated for in vitro cell images. Figure 3 shows
confocal fluorescence field images of cells alone
(Figure 3a), uncaged (Figure 3b), caged (Figure 3c),
and laser-treated (Figure 3d) caged folate-PEGylated
UCNPs@SiO2-DOX particles treated with HeLa cancer
cells. The images used a modified laser-scanning
confocal fluorescence microscope equipped with an
external 980 nm laser as the excitation source to detect
an upconversion signal (emission 800 nm, shown as
purple color) fromUCNPs. Figure 3a displays cells alone
without treatment of UCNPs. As shown in Figure 3b for
folate-PEGylated UCNPs@SiO2-DOX, the fluorescence
spots of upconversion signals appeared in HeLa
cells, indicating the distribution of folate-PEGylated
UCNPs@SiO2-DOX particles across the cytoplasm. At
24 h, the DOX (red color) was released in the cytoplasm
and entered into the nuclei, resulting in cell shrinkage
due to the cytotoxicity of cancer cells. Figure 3c
shows the cells treated with caged folate-PEGylated
UCNPs@SiO2-DOX without laser irradiation, where
cells retained intact morphology and revealed some
particle uptake with dim fluorescence. In this case, we
barely observed red fluorescence of DOX. Meanwhile,
when the caged folate-PEGylated UCNPs@SiO2-DOX
received the NIR laser, the obvious bright fluorescence
(shown as purple color) was seen from HeLa cells
(Figure 3d). The nuclei and cytoplasms of cancer cells
shrank, indicating cytoplasm destruction and nuclei
damage.

In Vivo Photoluminescence Imaging and Therapeutic Efficacy.
Prior to the investigation of the feasibility of the current
phototargeting approach, the folate-PEGylated UCNPs@
SiO2 was intratumorally injected to examine the
effectiveness in NIR luminescence (emission 800 nm).
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The apparent NIR emission of the upconvertingNPs can
be detected on the HeLa tumor site upon 980 nm laser
irradiation (Figure S15). The evaluation of in vivo photo-
luminescence imaging and therapeutic efficacy was
performed by injection of UNCPs through tail vein into
mice bearing HeLa tumors. Figure 4a shows targeted
upconversion NIR luminescence imaging of tumors. For
the laser-treated group, the caged folate-PEGylated
UCNPs@SiO2-DOX (2 mg DOX/kg) were injected
through intravenous injection, and then the 980 nm
diode laser (1.8 W/cm2) was turned on to irradiate the
tumor region for 1 h. The upconversion NIR emission
was then monitored over time (post-particle injection)
in the tumor. For those time-dependent NIR images,
except the second image (post-1 h) for the laser-treated
group taken upon 1 h irradiation as described above,
the 980 nm laser was turned on less than 1 min for
observation of upconversion NIR luminescence. The
emitted NIR light from UCNPs was clearly observed
for the mice with laser-treated caged folate-PEGylated
UCNPs@SiO2-DOX. The brightest NIR emission was
observed at post-5 h, and then the fluorescence

diminished at post-24 h (Figure 4b). In a marked con-
trast, the mice treated with caged folate-PEGylated
UCNPs@SiO2-DOX without exposure of 1 h laser exhib-
ited dimmed emission. This provides strong evidence in
effectively enhanced upconversion NIR fluorescence due
to NIR-triggered uncaging with an increase of UNCP
uptake by the tumor. The mice administered with PBS
solution showed no NIR emission in the tumor region.
We further performed ex vivo imaging analysis of DOX
fluorescence (emission 580 nm) at the time points of
post-1, 5, and 24 h (Figure 4c). The appearance of red
fluorescence of DOX is consistent with the upconversion
NIR fluorescence. The maximum fluorescence of the
tumor was reached at post-5 h. The signal was retained
even at 24 h, although the intensity dropped to some
extent. This might reflect that DOX was cleaved from
UNCPs left in tumor cells, while the clearance of UCNPs
from the tumor led to the loss ofNIR fluorescence, as seen
in Figure 4a. Finally, we evaluated the efficacy of the
caged folate-PEGylated UCNPs@SiO2-DOX particle as an
in vivo chemotherapeutic agent. The tumor growth was
monitored in termsof tumor volumechanges (Figure 4d).

Figure 3. Confocal images of HeLa cells incubated with (a) cells alone, (b) folate-PEGylated UCNPs@SiO2-DOX, (c) caged
folate-PEGylated UCNPs@SiO2-DOX, and (d) caged folate-PEGylated UCNPs@SiO2-DOX by exposure of a 980 nm diode laser
(9.6 W/cm2) for 2 min at 4 �C. All of the experiments followed the sequence with 4 �C/20min incubationf 37 �C/24 h culture.
After 20 min incubation at 4 �C, the untargeted nanoparticles were removed by PBS wash. The cell cytoskeleton was stained
withAlexa 488phalloidin (green). The nuclei were stainedwithDAPI. Themerged image representsAlexa 488þDAPIþUCNP
emission.
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The xenografted mouse tumor model was estab-
lishedby subdermal injectionofHeLa cancer cells. Thirty
nude mice bearing HeLa tumors were divided into
six groups including control (PBS received), free DOX,
laser only, caged folate-PEGylated UCNPs@SiO2-DOX,

PEGylated UCNPs@SiO2-DOX þ laser, and caged
folate-PEGylated UCNPs@SiO2-DOX þ laser. The mice
bearing tumors (∼92 mm3) were injected with caged
folate-PEGylated UCNPs@SiO2-DOX with a dosage of
2 mg DOX/kg through tail vein injection. Tumors were

Figure 4. (a) Time course upconversion NIR luminescence (emission 800 nm) images of caged folate-PEGylated UCNPs@SiO2-
DOX nanoparticles without NIR laser irradiation. Insets show the enlarged tumor region. (b) NIR luminescence intensity of the
tumor regionatvariouspost-injection timecorresponds to thegroups shown in (a). The intensity ratio (%)was calculated relative
to the preinjection. Error bars are basedon fivemice per group (n = 5). (c) Ex vivoDOX fluorescence (emission 580 nm) images of
the dissected organs and tumor from the group of laser-treated caged folate-PEGylated UCNPs@SiO2-DOX nanoparticles of (a).
(d) Tumor growth suppressionmonitored in terms of tumor volume changes. Error bars are based on fivemice per group (n=5).
**P < 0.01 calculated and compared to caged folate-PEGylated UCNPs@SiO2-DOX (without laser irradiation).
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exposed to 980 nm (1.8 W/cm2) laser for 1 h after
particles were injected into mice for the groups of
PEGylated UCNPs@SiO2-DOX þ laser and caged folate-
PEGylated UCNPs@SiO2-DOXþ laser. The group treated
with free DOX received intravenous injection with the
same amount (2 mg DOX/kg) of DOX carried by UNCPs.
The groups with laser only, PEGylated UCNPs@SiO2-
DOX þ laser, and caged folate-PEGylated UCNPs@
SiO2-DOX þ laser displayed a trend with delay change
in tumor size at the initial 3 days. Considering H2O
absorbance at 980 nm wavelength, the in vivo tem-
peratures weremonitored in 1 h using a thermocouple
needle when a 980 nmdiode laser irradiated the tumor
site. The surface temperature of the skin at the irra-
diated tumor was measured as 37�38 �C after 1 h
irradiation. The temperature at 3 mm depth beneath
the irradiated tumor skin was mildly increased
to 41�42 �C, a temperature to avoid vascular
collapse,63,64 at the beginning 20 min, and then be-
came constant at the end of the 1 h period of irradia-
tion. The lower temperature at the tumor surface is
presumably due to convective cooling at the surface.
Thermographic analysis of tumor temperature using a
Thermo Tracer H2640 (NEC, Japan) camera was also
performed and indicated a maximum temperature of
∼39 �C in the region of the irradiated tumor after 1 h
illumination (Figure S16). Continuing tomonitor tumor
change revealed that the tumors from the group with
caged folate-PEGylated UCNPs@SiO2-DOX þ laser ap-
parently dropped on day 4, whereas the tumors of
other groups grew as days prolonged. The group that
received caged folate-PEGylated UCNPs@SiO2-DOX

with subsequent laser exposure showed an effective
antitumor effect. The tumor growth was significantly
inhibited to some extent, although it continually ex-
isted post-treatment and displayed a much slower
growth rate compared to the other control groups
(P < 0.01 at 8 and 9 days compared to the caged folate-
PEGylated UCNPs@SiO2-DOX treated group without
laser). P value is 0.062 at 9 day between the groups
with laser only and PBS, showing no statistically sig-
nificant difference. The tumors were not completely
regressed in our pilot study. Further optimization
of the UCNP design may warrant more promising
results to exploit the phototargeting strategy in vivo.
For example, improvement in UV emission intensity
may be possible by doping of Gd ions in the synthe-
sis of UCNPs, which is underway. Stronger UV
intensity might facilitate enhancement of the unca-
ging process.

CONCLUSION

The on-demand targeting incorporation with photo-
modulation is a fascinating approach. We present this
proof of concept that can be successfully applied to
nanoparticles using UCNPs as the NIR-triggered target-
ing vehicles. Upon irradiation of a 980 nm diode laser,
the emitted UV light uncaged a photolabile group and
allowed folate-conjugated UNCPs to target cancer
cells. Our evidence of in vitro and in vivo imaging and
chemotherapeutic efficacy supported the idea that the
caged UNCPs can serve as a platform for the improve-
ment of selective targeting and reduction of adverse
side effects from chemotherapy.

MATERIALS AND METHODS
Materials. Anhydrous YCl3 (99.99%), YbCl3 (99.9%), TmCl3

(99.9%), NH4F (g99.9%), 1-octadecene (90%), oleic acid (90%),
IGEPAL CO-520, O,O0-bis[2-(succinylamino)ethyl]polyethylene
glycol (HOOC-PEG-COOH, MW 6000), 2-nitrobenzylamine
hydrochloride (NBA), and N-hydroxysulfosuccinimide sodium
salt (sulfo-NHS) (g98.5%)were purchased fromAldrich Chemical
Co. Tetraethyl orthosilicate (TEOS, 98%) and (3-aminopropyl)-
triethoxysilane (APTES, 99%) were purchased from Acros. Folic
acid (97%), 2-iminothiolane hydrochloride (g98%), 3-(2-pyridyl-
dithio)propionic acidN-hydroxysuccinimideester (SPDP) (g95%),
N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
(EDC), and doxorubicin hydrochloride (g98%) were bought from
Sigma-Aldrich. Sodium hydroxide (NaOH, 99%) and ethanol
(99.9%) were obtained from Fullin.

Instrumentation. SDL-980-LM-5000T diode laser (Shanghai
Dream Lasers Technology Co.) was utilized in the experiments.
The size and shape of the nanoparticles were characterized by
a Hitachi H-7500 transmission electron microscope operated
at an acceleration voltage of 200 kV. The UV�vis absorbance
intensity was measured using a UV�vis absorption spectro-
meter (Hewlett-Packard model 8453). Zeta-potential measure-
ments were performed on a Zetasizer 3000HS-Advanced instru-
ment at room temperature. An X-ray diffractometer (Shimadzu
XRD-7000S (λ= 1.54060 Å�, 30 kV, 30mA)) was used to collect the
XRD data. A FTIR (JASCO 200E FTIR) was used to measure the
FTIR spectrum of prepared nanoparticles. Photoluminescence
of NaYF4:Yb

3þ,Er3þ (UNCPs) was obtained using a Fluoromax-4

spectrofluorometer (Horiba Scientific) equipped with a 980 nm
laser excitation. The targeted UCNPs in cell images were
captured using a confocal laser scanning microscope (ECLIPSE
Ti series, NIKON) equipped with NIR980 nm diode laser. The Y3þ

concentration (μg/mL) of UCNPs was determined by ICP-AES
(Jobin Yvon JY138 spectroanalzer). The quantification of cell
viability was done using an ELISA plate reader (Thermo Scientific
Multiskan EX).

Synthesis of Caged Folate for NMR Characterization. Folic acid (FA)
solution (100 μL, 1 mM in DMSO) and 2-nitrobenzenemethan-
amine (100 μL, NBA) hydrochloride (5 mM) were added into
1 mL of deionized water, followed by addition of 50 μL of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC, 1 mM) and 50 μL of n-hydroxysuccinimide (NHS, 1 mM) to
react for 2 h at room temperature. The caged folate was purified
by a silica-packing column. First, deionized water was added
into the column to remove excess caging molecule, and
then the NaOH solution (pH 8) was added into the column to
collect solution. The precipitate was collected by the addition
of aqueous HCl (pH <6) kept at room temperature for 1 h.
Subsequently, the solution was centrifuged at 14 000 rpm for
5 min, and the supernatant was removed. The precipitates
(caged folate) were dissolved in DMSO.

Synthesis of NaYF4:Yb,Tm Nanoparticles (UCNPs). All reagents were
of the highest research grade available. NaYF4:Yb(24.7%),Tm
(0.3%) nanoparticles were synthesized following a protocol
reported previously.51 In a typical procedure for the synthe-
sis of NaYF4:Yb/Tm, YCl3(0.75 mmol), YbCl3(0.247 mmol), and
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TmCl3(0.003 mmol) were dissolved in 2 mL of deionized water
then mixed with 6 mL of oleic acid and 15 mL of 1-octadecene
into a 100mL flask. The solutionwas heated to 100 �C for 10min
(2 �C/min) and degassed at 156 �C for 30min and then cooled to
room temperature. A solution of 0.1482 g of NH4F (4 mmol) and
0.1 g of NaOH (2.5 mmol) in 10 mL of methanol was added, and
then the solution was kept at 50 �C for 30 min. Methanol was
evaporated completely after heating at 75 �C for 30 min, and
then the solution was heated to 300 �C for 1.5 h under argon
atmosphere. Subsequently, the solution was cooled to room
temperature. The UCNPs were precipitated from solution by
adding acetone and then washed with hexane/ethanol and
collected by centrifugation and redispersed in hexane.

Surface Modification Process

(1). Synthesis of Silica-Coated UCNPs. Water-soluble UCNPs
were prepared according to the reportedmethod.52 The UNCPs
(1200 ppm, 4 mL) in hexane (6 mL) were mixed with IGEPAL
CO-520 (100 μL) and stirred for 10 min. Then, the transparent
emulsionwas formed by the addition of IGEPAL CO-520 (400μL)
slowly. The solution was mixed with aqueous ammonia (80 μL,
33%) and sonicated for 20 min. Further, 45 μL of tetraethyl
orthosilicate (TEOS) was added into the solution and incubated

for 16 h with vigorous stirring. UCNPs@SiO2 were precipitated
by adding acetone, and particles were collected by centrifuga-
tion at 13 000 rpm for 20 min and washed with 50/50 ethanol/
water to store in ethanol.

(2). UCNPs@SiO2-APTES Nanoparticles. To introduce amino
groups (�NH2) on the UCNPs@SiO2 surface, the UCNPs@SiO2

(3000 ppm) in 5 mL of ethanol were mixed with 100 μL of
(3-aminopropyl)triethoxysilane (APTES) and stirred for 18 h.
After 18 h, the nanoparticles were obtained through centrifuga-
tion at 14 000 rpm for 20 min and washed with ethanol to store
in ethanol.

(3). UCNPs@SiO2-APTES Conjugated with SPDP. The solution
containing UCNPs@SiO2-APTES (200 ppm) and N-succinimidyl-
3-(2-pyridyldithiol)propionate (SPDP) reacted for 4 h. The amount
of immobilized SPDPwasmeasured from the UV�vis absorbance
intensity of pyridine-2-thione (P2T), the product from SPDP
reacted with dithiothreitol (DTT). Calculated based on a calibra-
tion curve according to the absorption band of P2T at 343 nm,
we estimate that a maximum number of approximately 0.17 mol
SPDP is attached per mole of Y3þ by adding 20 mM SPDP. Here,
we took 3 mM SPDP concentration to immobilize the particles
(about 2/3 aminogroups coveredonUCNPs); there are 122.3mmol
SPDP per mole of Y3þ.

(4). UCNPs@SiO2-APTE Conjugated with PEG (PEGylated
UNCPS@SiO2). The residual amino groups of APTES molecules
were modified with PEG (O,O0-bis[2-(succinylamino)ethyl]poly-
ethylene glycol, MW 6000) to form amide bonds through
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride/
N-hydroxysuccinimide (EDC/NHS) chemistry. The UCNPs@-
SiO2�SPDP (200 ppm) solution was mixed with 100 μL of PEG
(4mg/mL), EDC (10mM, 100 μL), and NHS (10mM, 100 μL). After
4 h, the solution was centrifuged at 14 000 rpm for 20 min, and
the precipitates were washed three times with deionized water
to remove excess PEG. The precipitates (PEGylated UCNPs@SiO2)
were dissolved in H2O.

(5). Doxorubicin Hydrochloride (DOX) Thiolation on PEGylated
UCNPs@SiO2 (PEGylated UCNPs@SiO2-DOX). DOX thiolation was
followed according to the reported method.59 2-Iminothiolane
hydrochloride (2-IT, 1 mM, 250 μL) and DOX (0.5 mM, 300 μL)
were mixed at room temperature for 20 min. As-prepared
PEGylated UCNPs@SiO2 (200 ppm) were incubated with thio-
lated DOX solution for 3 h. The solution was centrifuged at
14 000 rpm for 20 min, and the precipitates were washed three
times with DDW to remove excess DOX. The precipitates
(PEGylated UCNPs@SiO2-DOX) were dissolved in H2O.

(6). PEGylated UCNPs@SiO2-DOX Modification with Folic Acid
(FA). The amino groups of FA were modified with carboxylate
groups of PEG to form amide bonds through EDC/NHS chem-
istry. A solution of EDC (10 mM, 100 μL) and FA (2 mM, 100 μL)
was mixed with PEGylated UCNPs@SiO2-DOX at room tempera-
ture for 4 h. The collected precipitates by centrifugation of
UNCP colloidal solutions were washed three times with DMSO
to remove excess FA by centrifugation at 14 000 rpm for 30min.

(7). Folate-PEGylated UCNPs@SiO2-DOX Modification with
Cage 2-Nitrobenzylamine Hydrochloride (NBA). The folate-
PEGylated UCNPs@SiO2-DOX particles (200 ppm), EDC (50 mM,
100 μL), and NBA (5 mM, 100 μL) were mixed for 2 days at room
temperature. After 48 h, the particles were washed three times
with deionizedwater by centrifugation at 15 000 rpm for 30min.
The caged folate-PEGylated UCNPs@SiO2-DOX particles were
dissolved in H2O and was stable for 3 months.

Fluorescent Immunocytochemistry (ICC) Staining of Folate Receptor.
HeLa (4� 104/well), A549 (4� 104/well), andMRC-5 (4� 104/well)
were seeded onMillicell EZ 4-well chamber slides (Millipore) and
respective incubation with culture medium for 24 h. After the
cells attached to the chamber slides, the cells were washed with
PBS (phosphate buffered saline). Then cells were fixed for 20min
with 4% paraformaldehyde at room temperature, followed by
addition of blocking buffer, and incubated for 45 min at room
temperature. The negative control used the incubation buffer
with no human FOLR1 (primary antibody) to characterize the
nonspecific binding of antimouse IgG-NL493. Then the blocking
buffer was removed, and diluted human FOLR1 (R&D MAB5646)
was added with dilution buffer (ratio was 1:5) for incubating
3 h at room temperature, with added secondary antibodies
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(NorthernLights antimouse IgG-NL493; R&D NL009; dilution
1:200) for another 1 h at room temperature. Then the slides
were washed with PBS three times and mounting medium with
DAPI added (VECTASHIELD) to cover coverslips. Fluorescencewas
observed using fluorescence microscopy (OLYMPUS, FLUOVIEW
FV10i).

Phototargeting Evaluation of Caged Folate-PEGylated UCNPs@SiO2
under Light Irradiation at 4 �C. HeLa (5 � 103) (or A549) cells/well
were cultured in 96-well plates for 24 h, followed by treatment
of 50 and 100 μg/mL (Y3þ concentration) of caged folate-
PEGylated UCNPs@SiO2 at 4 �C. Photolysis was performed using
a 980 nm diode laser (11 W/cm2) for 1 min irradiation, followed
by additional 20 min incubation at 4 �C. Subsequently, the
mediumcontaining untargeted particleswas removedby gentle
rinsing of the cultures twice. Then, HNO3/HCl mixture solution
(volume ratio of HNO3/HCl = 1/3) was added to lyse cells and
UCNPs. The Y3þ ion concentrations were obtained by ICP-AES to
determine the amount of UCNPs.

Cell Viability Evaluation of Free DOX, Folate-PEGylated UCNPs@SiO2,
Folate-PEGylated UCNPs@SiO2-DOX, and Caged Folate-PEGylated UCNPs@
SiO2-DOX in the Absence of Light Irradiation. HeLa cells/well (5� 103)
were cultured in 96-well plates for 24 h, followed by treatment
of 0, 5, 10, 50, and 100 μg/mL (Y3þ concentration) of folate-
PEGylated UCNPs@SiO2, folate-PEGylated UCNPs@SiO2-DOX,
and caged folate-PEGylated UCNPs@SiO2-DOX, separately,
at 4 �C for 20 min incubation. The 5, 10, 50, and 100 ppm
correspond to 0.13, 0.27, 1.34, and 2.67 μM of DOX carried by
the particles. The medium containing remaining materials
was removed by gentle rinsing of the cultures twice, and then
fresh medium was added. The subsequent 24 h incubation
was conducted at 37 �C. The cell medium was replaced with
fresh culture medium containing a 10% MTT reagent, and the
cultures were incubated for 4 h to allow formazan dye to form.
After removing the excess MTT medium, DMSO was added as a
solvent. The DMSO solution in each well was centrifuged and
collected and then transferred to an ELISA plate. The quantifica-
tion of cell viability was done using an ELISA plate reader.

Cell Viability Evaluation of Caged Folate-PEGylated UCNPs@SiO2-DOX
under Light Irradiation. HeLa cells/well (5 � 103) were cultured in
96-well plates for 24h, followedby treatmentwith 0, 5, 10, 50, and
100 μL of (Y3þ concentration) of caged folate-PEGylated UCNPs@
SiO2-DOX at 4 �C for exposure of a 980 nm diode laser for 1 or
2 min, followed by 20 min incubation at 4 �C. Subsequently, the
medium containing untargeted particles was removed and fresh
medium added. Then the additional culture at 37 �C for another
24 h was performed for particle internalization into cells.

After 24 h incubation, the medium containing remaining
materials was removed by gentle rinsing of the cultures twice
and fresh medium was added. The cell medium was replaced
with fresh culture medium containing a 10% MTT reagent, and
the cultures were incubated for 4 h to allow formazan dye to
form. After excess MTTmediumwas removed, DMSOwas added
as a solvent. TheDMSO solution in eachwell was centrifugedand
collected and then transferred to an ELISA plate. The quantifica-
tion of cell viability was done using an ELISA plate reader.

Cells Images of HeLa Cells Treated with UCNPs Using a Confocal Laser
Scanning Microscope. Cells were cultured in R-modified MEM at
37 �C supplied with 5% CO2/95% air. Cells were trypsinized
and seeded in 8-well chamber slides with 1.2� 104 cells in each
well. After 24 h of incubation, each well was washed twice
with phosphate buffered saline (PBS), and then 0.3 mL of caged
folate-PEGylated UCNPs@SiO2-DOX (100 μg/mL in R-modified
DMEM) was added. The cells were then treated with UCNPs at
4 �C for exposure of a 980 nm diode laser for 2 min, followed
by 20 min incubation at 4 �C. Then, the medium containing
untargeted particles was removed and fresh medium added.
Subsequently, the additional culture at 37 �C for 24 h was
performed for particle internalization into cells. Then, the
treated cells were washed with PBS and then fixed using 4%
paraformaldehyde/PBS for 30min at 37 �C. The cell cytoskeleton
was stained with Alexa 488 phalloidin (green). The nuclei were
stained with DAPI, and the cells treated with particles were
subjected to a confocal laser scanning microscope (ECLIPSE
Ti series, NIKON) equipped with NIR 980 nm diode laser for
observation.

Fluorescent Immunocytochemistry (ICC) Staining of LysoTracker Green.
HeLa (2 � 104/well) cells were seeded on NUNC Lab-Tek 4-well
chamber slides and incubated with respective culture medium
for 24 h. After the cells had attached to the chamber slides, the
cells were washed with 1� PBS. Folate-PEGylated UCNP@SiO2-
DOX and caged folate-PEGylated UCNP@SiO2-DOX in 1� PBS
(dosage: 50 ppm of [Y3þ]) were added individually and incu-
bated at 4 �C for 20 min, and then the cells were washed with
1� PBS. Free FBSmediumwas added to the cells, and cells were
incubated for an additional 24 h at 37 �C. Mediumwas removed
from the dish and added to the prewarmed probe-containing
medium (Invitrogen; L7526). Then, the cells were incubated
at 37 �C for 2 h. After replacing the loading solution with free
FBS medium, the cells were subjected to observation using a
fluorescence microscope (OLYMPUS, FLUOVIEW FV1000). The
ex/em of DOX was 565/665, and LysoTracker was 490/555.

Tumor-Bearing Animal Models and Tumor Size Monitoring. The
animal study protocol was approved by Chang Gung Memorial
Hospital Laboratory Animal Center (Kaohsiung, Taiwan). To
assess tumorigenicity, nude mice NU/NU (6�8 weeks old and
25�30 g weight) were purchased from Chang Gung Memorial
Hospital Laboratory Animal Center. HeLa cells were grown to
80% confluence and then harvested and resuspended in PBS.
Mouse tumor xenografts were established by subdermal region
injection of HeLa cells with 6 � 106 cells per flank. After 8 days
of tumor xenografts, the tumor-bearing mice were ready for
studies.

To evaluate the efficacy of caged folate-PEGylated UCNPs@
SiO2-DOX in anticancer therapy, we used 30 tumor-bearingmice
that were divided into six groups including control (PBS
received), free DOX, laser only, caged folate-PEGylated UCNPs@
SiO2-DOX, PEGylated UCNPs@SiO2-DOX þ laser, and caged
folate-PEGylated UCNPs@SiO2-DOX þ laser. The tumor size
was calculated using the following formula: [(large diameter) �
(small diameter)2]/2. The mice with the tumors (∼92 mm3) were
injected with caged folate-PEGylated UCNPs@SiO2-DOX with
a dosage of 2 mg DOX/kg through the tail vein. Tumors were
exposed to 980 nm (1.8 W/cm2) laser irradiation of 1 h after
particles were injected into mice for the group of PEGylated
UCNPs@SiO2-DOXþ laser and caged folate-PEGylated UCNPs@-
SiO2-DOXþ laser. Thegroupwith laser only receivedexposure of
irradiation for 1 h. The group treated with free DOX received
intravenous injection using the same amount of DOX carried by
UNCPs.

In Vivo and Ex Vivo Imaging Assessments of Caged Folate-PEGylated
UCNPs@SiO2-DOX Nanoparticles in Tumor-Bearing Mice. Thewhole body
tumor-bearing mice were imaged at preinjection, post-1, 3, 5,
and 24 h (n = 5 each). Caged folate-PEGylated UCNPs@SiO2-
DOXnanoparticles (at a dose of 2mgDOX/kg) were administered
to the mice through tail vein injection. For ex vivo imaging, the
mice were sacrificed at post-1, 5, and 24 h, and the vital organs
were isolated for optical imaging. Real-time fluorescent imaging
was monitored using IVIS Spectrum with a cooled CCD optical
system equipped with fluorescent filter sets (excitation/emission
= 980/800 nm for the upconversion NIR emission of caged folate-
PEGylated UCNPs@SiO2-DOX; excitation/emission = 500/580 nm
for ex vivo DOX images). Prior to imaging, tumor-bearing mice
were anesthetized with 2% isofluorane. The field of view was
125 mm in diameter. The images were acquired for 0.5 s using
Living Image Analysis and acquisition software. A photographic
image was taken, onto which the pseudocolor image represent-
ing the spatial distribution of photon counts was projected.
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