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Abstract 

To perform photothermal therapy (PTT) and luminescence imaging by a single wavelength NIR light 
irradiation, we have designed and prepared a novel nanocomposite incorporating the IR806 
photothermal sensitizers (PTS) into the core-shell-shell NaYF4:Yb,Er@ NaYF4:Yb@NaYF4:Yb,Nd 
up-conversion nanoparticles (UCNPs). Irradiation with the 793 nm near-infrared (NIR) laser, the Nd3+ 
ions in the UCNPs were sensitized to up-convert energy via Yb3+ to the Er3+ ions to emit visible light at 
540 nm and 654 nm, as well as to down-convert energy to the Yb3+ ions to emit NIR light at 980 nm. For 
luminescence imaging, the 793 nm NIR radiation is more suitable to use for deeper-tissue penetration and 
to reduce overheating problem due to water absorption as compared to 980 nm radiation. Additionally, 
the same 793 nm NIR radiation could also excite the IR806 dye for effective PTT. Surface modifications 
of the UCNPs with mesoporous silica (mSiO2) and polyallylamine (PAH) allow stable loading of IR806 dye 
and further derivatization with polyethylene glycol-folic acid (PEG-FA) for tumor targeting. Preliminary in 
vitro studies demonstrated that the final UCNP@mSiO2/IR806@PAH-PEG-FA nanocomposites 
(UCNC-FAs) could be uptaken by the MDA-MB-231 cancer cells and were “dark” viable, and when 
irradiated with the 793 nm laser, the MDA-MB-231 cell viability was effectively reduced. This indicated 
that the UCNC-FAs nanocomposites could be potentially useful for targeted photothermal therapy and 
up-conversion luminescence imaging by a single wavelength NIR light irradiation. 
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Introduction 
The treatment of cancer may be different 

depending on the cancer stages and tumor locations, 
and traditionally, surgery, chemotherapy and 
radiation therapy are the most common ways[1]. 
However, these treatments are either invasive or with 
many side effects or sometime ineffective, e.g. cell 
toxicity and drug-resistance of chemotherapy as well 
as problems of overdose, cancer cell mutation and 
decreasing effectiveness with increasing number of 
treatments due to radiation therapy. Thus, alternative 

and adjuvant therapies are currently under clinical 
development, including immuno-cell therapy[2], 
targeted chemotherapy[3], photodynamic therapy 
(PDT)[4] and thermotherapy (or hyperthermia)[5, 6]. 
The goals are to make cancer therapy to be more 
specific, theranostic and with low side effects and 
high precision. 

Clinically, thermotherapy[6] coupled with 
chemotherapy and/or radiation therapy could 
increase cancer patient survival rate and improve the 
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control of local lesions. Among the various 
thermotherapeutic methods, interstitial hyper-
thermia[7], hyperthermic chemoperfusion[8], and 
whole-body hyperthermia[9] all increase the 
temperature of the tumor tissue to about 42°C to 
induce cell apoptosis. However, these methods lack 
specificity and often make normal tissues overheated. 
The long treatment duration also causes the patients 
uncomfortable and requires anesthesia[10], making 
thermotherapy less effective and inconvenient. To 
overcome these problems, the use of nanoparticles has 
been proposed as the carriers or drugs for targeted 
thermotherapy[11]. For example, folate modified 
superparamagnetic iron oxide nanoparticles (SPIOs) 
in variable-frequency magnetic field could be used to 
generate heat for targeted thermotherapy via 
intravenous injection. However, because the 
concentrations of SPIOs at the tumor sites were 
usually not high enough and the heat conversion 
efficiency was low, this material could not raise the 
tumor site temperature to the range for effective 
thermotherapy[12]. Another example is the 
photothermal therapy (PTT) employing nanoparticles 
that could absorb high-tissue-penetrating near 
infrared (NIR) light with high heat-generation 
efficiency such as gold nanorod[13]. After surface 
modification with targeted molecules, they could be 
delivered to the tumor sites and raised the 
temperature to 42°C via NIR radiation to induce cell 
apoptosis[14-18]. Other attempts for PTT included the 
use of the inorganic single-walled carbon 
nanotubes(SWNTs)[19, 20], graphene[21, 22] and CuS 
nanodots[23, 24] in addition to the NIR organic dyes 
indocyanine green (ICG)[25, 26] and the lipophilic 
heptamethine dye, IR780 iodide[5, 27]. 

The use of the above-mentioned novel 
nanomaterials for PTT needs to use diagnostic 
modalities such as computed tomography (CT)[28], 
positron-emission tomography (PET)[23], magnetic 
resonance imaging (MRI)[29, 30], photoacoustic 
imaging (PAI)[31, 32] and other nuclear medicinal 
technologies[33] to position the tumor site and to 
follow up on the drug pharmacokinetic behaviors, 
causing further complexities. Hence, it is proposed 
that if the photothermal materials could be coupled 
with optical imaging functions, better theranostics 
might be prepared and used more conveniently and 
effectively. However, current luminescence imaging 
technologies suffer shallow tissue penetration 
depth[34] and interferences from the luminescence of 
biomolecules[35]. Because NIR lights in the 650-950 
nm wavelength range are less absorbed by biological 
tissues and are more effective to penetrate into deeper 
tissues[13, 36], several nanomaterials[37] have 
recently been studied for use in photodynamic 

therapy (PDT)[38, 39], drug delivery[40], 
luminescence imaging and biosensing[41, 42] 
employing NIR excitation. For example, the 
NaLnF4:Yb3+,Er3+ (Ln = Y or Gd) up-conversion 
nanoparticles (UCNPs) could emit visible light for 
luminescence imaging via NIR irradiation with very 
high signal-to-noise ratios[43, 44]. If similar 
nanomaterials are used together with the NIR organic 
dye CyTE-777 or IR-825 as photothermal sensitizer[45, 
46], concurrent or separate optical excitations at 980 
nm on Yb3+ for up-conversion imaging and at 808 nm 
on NIR organic dye for PTT could be performed to 
avoid the use of different modalities for diagnosis and 
therapy. Note also, attempts to apply single 
wavelength of light triggered dual PDT/PTT and 
imaging become increasingly popular[5, 47-53], 
including a few nanomaterials such as SWNTs[47], 
Gold nanorod containing NIR dye (GNR-dye)[48], 
IR780 NIR dye[5] and core/satellite polydopa-
mine@Nd3+ UCNP[51]. 

It is further noted that water molecules in 
biological tissues also absorb effectively at 980 nm[54]. 
Thus, long 980 nm radiation time with high power 
that exceeds bio-tolerable doses could create local 
tissue overheating problems[50, 55]. In addition, 
using two different light wavelengths for diagnosis 
and therapy could be less convenient than to use a 
single light wavelength for both purposes. On the 
other hand, although NIR dyes have high 
light-absorptivity per mass and are suitable for either 
tumor luminescence imaging or PTT, they could not 
be used for both purposes at the same time. This is 
because high luminescence intensity for imaging 
requires low dye concentration, and the phenomenon 
of concentration quenching occurs as the optimum 
imaging dye concentration is increased much more to 
achieve better PTT. Thus, if organic dyes are to be 
used as photothermal sensitizers (PTS), other 
photosensitizers (PS) such as UCNPs would have to 
be used for imaging. However, if both type PS are 
present, there could be competitions between 
luminescence intensity and photothermal efficiency, 
and optimization is required. 

With the above discussed considerations, to 
achieve the goals of safety, efficacy and convenience 
for use in PTT therapy and luminescence imaging, we 
have designed and prepared an alternative novel 
nanomaterial, i.e. NaYF4:Yb3+,Er3+ @ NaYF4:Yb3+ @ 
NaYF4: Yb3+,Nd3+ core-shell-shell UCNPs loaded with 
the PTS IR806 dye (λmax = 790 nm[56]). This 
nanocomposite could allow the excitation of the Nd3+ 
ions at 793 nm[54, 57] to increase tissue penetration 
depth and reduce overheating problem due to water 
absorption at 980 nm[58], and through internal 
up-conversion energy transfer from Nd3+ via Yb3+ to 
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Er3+ ions to emit lights at 540 nm and 654 nm for 
diagnostic luminescence imaging. Simultaneously, 
the IR806 dye could be excited by the same 793 nm 
irradiation for PTT. The core-shell-shell 
arrangement[58, 59] could further prevent energy 
back transfer from Er3+ ions to Nd3+ ions to preserve 
light emitting efficiency[55]. If biomarker derivatives 
such as polyethylene glycol-folic acid (PEG-FA) are 
attached, the resulting nanocomposites could be used 
for selective targeted PTT. Scheme 1 shows the 
representation of this Nd3+ ion sensitized novel 
up-conversion core-shell-shell nanocomposite and 
relevant simplified energy diagrams of the lanthanide 
ions. And herein we report our research results. 

Experimental Section 
Chemicals  

Reagent or HPLC grade chemicals used were 
purchased from Sigma-Aldrich (St Louis, MO, USA): 
yttrium acetate hydrate, ytterbium acetate hydrate, 
erbium acetate hydrate, neodymium acetate hydrate, 
oleic acid, 1-octadecene, sodium hydroxide, 
ammounium fluoride, ammounium nitrate, ethyl 
acetate, tetraethyl orthosilicate, chloroform, IR780 
iodide, 4-mercaptobenzoic acid, 
N,N-dimethylformamide, polyallylamine 
hydrochloride (mw 17000), dimethyl sulfoxide, and 
cell counting kit 8; from Thermo Fisher Scientific 
(Waltham, MA, USA): n-hexane, acetone, methanol, 
and ethanol; from Tokyo Chemical Industry (Tokyo, 
Japan): n-hexadecyltrimethylammonim chloride 
(CTAC) ; from Nanocs (New York, NY, USA): 
FA-PEG-NHS ester (mw 3400). All chemicals were 
used as received without further purification. 

Characterization  
The morphology image measurements of 

nanoparticles were carried out on a JEM-2000EX II 
transmission electron microscope (TEM) that 
operating at an acceleration voltage of 100 kV. 
High-resolution transmission electron microscope 
(HR-TEM) images and energy-dispersive X-ray 
spectroscopy (EDS) data were recorded on a 
JEOL-JEM 2010F operated at an acceleration voltage 
of 200 kV. X-ray powder diffraction (XRD) 
measurements were performed with a Bruker D8 
X-ray powder diffractometer (scanning rate: 15°/min, 
2θ range: 10° to 80°). Elemental analysis of the 
lanthanide ion content was determined by using the 
Agilent 725 inductively coupled plasma optical 
emission spectrometry (ICP-OES), by the Instrument 
Center at National Tsing Hua University, Hsinchu, 
Taiwan. Photoluminescence spectra were recorded 
with a FSP-920 steady-state and phosphorescence 
lifetime spectrometer (Edinburgh Instruments) 
equiped with a 125 mW 793 nm laser. The uv–vis 
spectra were recorded in 1 cm quartz cuvettes with a 
Hewlett-Packard/Agilent 8453 diode-array uv–vis 
spectrophotometer. The size distributions of 
nanoparticles were determined by SZ-100 zetasizer 
for dynamic light scattering (DLS) measurement 
(HORIBA Scientific). HPLC analysis was performed 
with the instrument equiped with a Waters 1525 
pump and a Waters 2489 UV/visible detector (Waters 
Corp.). NMR spectra were recorded on a Bruker 
spectrometer Avance III 400 at 400 MHz (1H NMR), 
100 MHz (13C NMR). Fluorescence images were 
performed on an Olympus FV1000-IX81 laser confocal 
microscope. Digital photo-graphs were taken with a 
Sony RX100-2 camera. All the nanoparticles under 
current study were prepared by procedures described 
below and characterized by similar experimental 
conditions and instrumentation settings using 
in-house standard operation procedures (SOPs) 
including careful calibration. 

 
Scheme 1. 
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Synthesis of the core NaYF4:Yb,Er NPs 
The lanthanide (Ln)-doped nanoparticles (NPs) 

were prepared according to a literature reported 
method with minor modifications[57]. To synthesize 
the core NaYF4:Yb,Er NPs, a total of 1 mmol 
Ln(CH3COO)3 precursors in the Y:Yb:Er = 78:20:2 
mol% ratios were mixed in a solution containing 10 
mL oleic acid (OA) and 15 mL octadecene (ODE). The 
mixture was heated to 180 °C under an argon flow for 
1 h to result in a homogeneous solution. After cooling 
to room temperature, 10 mL methanol solution 
containing 0.15 g NH4F and 0.1 g NaOH was slowly 
added to the solution with stirring for 1 h at 65 °C. The 
temperature of the mixture was then increased to 
about 100 °C to evaporate the methanol. 
Subsequently, the solution was heated to 300 °C for 
1.5 h and cooled to room temperature. The resulting 
NaYF4:Yb3+(20%), Er3+(2%) NPs were precipitated, 
washed by ethanol, collected by centrifugation and 
redispersed in 15 mL n-hexane. Yield 76 %. Elemental 
analysis data (ICP, ppm): Y, 13.10; Yb, 6.70; Er, 0.71. 

Synthesis of the core-shell 
NaYF4:Yb,Er@NaYF4:Yb NPs  

0.4 mmol Y(CH3COO)3 and 0.1 mmol 
Yb(CH3COO)3 were added to a solution containing 10 
mL OA and 15 mL ODE with stirring. The mixture 
was then heated to 180 °C for 1 h to obtain a 
homogeneous solution. After the solution was cooled 
down to room temperature, 7.5 mL of the previously 
synthesized core NaYF4:Yb,Er NPs in n-hexane was 
added along with 5 ml methanol containing 0.05 g 
NH4F and 0.075 g NaOH. The mixture was stirred for 
1 h at 65 °C and heated to 100 °C to evaporate 
n-hexane and methanol before heating to 300 °C for 
1.5 h under argon flow, and then cooled down to 
room temperature. The resulting core-shell 
NaYF4:Yb3+(20%), Er3+(2%)@NaYF4:Yb3+(20%) NPs 
were precipitated, washed with ethanol, collected by 
centrifugation and redispersed in 15 mL n-hexane. 
Yield 88 %. Elemental analysis data (ICP, ppm): Y, 
17.14; Yb, 9.45; Er, 0.46. 

Synthesis of the core-shell-shell 
NaYF4:Yb,Er@NaYF4 :Yb@NaYF4:Yb,Nd 
UCNPs 

Lanthanide precursors of 0.3 mmol 
Y(CH3COO)3, 0.1 mmol Yb(CH3COO)3 and 0.1 mmol 
Nd(CH3COO)3 were mixed in a solution containing 10 
mL OA and 15 mL ODE. The mixture was heated to 
180 °C for 1 h to obtain a homogeneous solution. After 
the solution was cooled down to room temperature, 
the previously synthesized core-shell NaYF4:Yb,Er@ 
NaYF4:Yb NPs in 7.5 mL n-hexane were added along 
with 5 ml methanol containing 0.05 g NH4F and 0.075 

g NaOH. The mixture was heated to 100 °C to 
evaporate n-hexane and methanol before heating to 
300 °C for 1.5 h. The mixture was cooled down to 
room temperature and the resulting core-shell-shell 
NaYF4: Yb3+(20%),Er3+(2%)@NaYF4:Yb3+(20%)@NaY 
F4:Yb3+(20%),Nd3+(20%) UCNPs were precipitated, 
washed with ethanol, collected by centrifugation and 
redispersed in 15 mL n-hexane. Yield 84 %. Elemental 
analysis data (ICP, ppm): Y, 8.48; Yb, 4.87; Er, 0.13; 
Nd, 1.17. 

Coating of UCNPs with mesoporous silica 
(mSiO2) 

Coating mSiO2 on the surface of oleate-capped 
UCNP was prepared according to the previously 
reported method[60]. Cetyltrimethyl-ammonium 
chloride (CTAC, 0.2 g) and the previously prepared 
core-shell-shell UCNPs (5 mg) were dissolved in 25 
mL water at 50 °C with stirring overnight. The 
solution was sonicated for 30 min and 0.1 mL 
tetraethyl orthosilicate (TEOS), 150 µL 2 M NaOH and 
1.5 mL ethyl acetate were added, and the resulting 
mixture was stirred for 2.5 h at 70 °C. After cooling 
down to room temperature, the rude product was 
collected by centrifugation and washed twice with 10 
mL ethanol to remove the residual reactants. To 
remove the remaining CTAC, the rude product was 
further extracted with NH4NO3 (0.3 g) in 25 mL 
ethanol at 60 °C for 2 h, and cooled to room 
temperature. The NaYF4:Yb,Er@NaYF4:Yb@ NaYF4:Yb, 
Nd@mSiO2 or UCNP@mSiO2 product was then 
obtained by centrifugation and washed with water. 

Preparation of the IR806 PTS and 
loading/quantitation of IR806 dye in UCNP@ 
mSiO2 

The IR806 dye (2-((E)-2-((E)-2-((4-carboxy-
phenyl)thio)-3-((E)-2-(3,3-dimethyl-1-propylindolin-2
-ylidene)cyclohex-1-en-1-yl)vinyl)-3,3-dimethyl-1-pro
pyl-3H-indol-1-ium iodide or simply IR806) was 
prepared according to the literature reported method 
using the IR780 iodide dye as the starting material 
(yield 53.6%)[56]. It was purified by HPLC, and 
characterized by NMR (e.g. 13C NMR (101 MHz, 
CDCl3): δ 172.49, 170.63, 148.89, 145.53, 144.47, 142.18, 
141.04, 133.94, 131.07, 128.72, 126.70, 125.45, 125.31, 
122.18, 111.00, 101.89, 49.20, 46.38, 27.84, 26.77, 20.93, 
20.71, 11.68) and mass spectrometry (ESI-MS, [M]+ 
calc. for C43H49N2O2S+, 657.35(100.0%), 658.35(48.0%), 
659.36(11.3%); found 657.4, 658.4, and 659.4). (Figure 
S1-S3, Supplementary materials). The molar 
extinction coefficient of IR806 in ddH2O was 
determined to be 1.56 ± 0.08 x105 M-1·cm-1 at 790 nm. 
Loading of IR806 to the UCNP@mSiO2 was performed 
by mixing 5 mg UCNP@mSiO2 with the respective 
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amounts of IR806 (i.e. 0.7 mg, 2.0 mg, and 2.5 mg) in 1 
mL ethanol with sonication for 1 h. The 
UCNP@mSiO2/IR806 was collected by centrifugation 
and washed with cold ethanol and redispersed in 
ddH2O. Quantitation of the loaded IR806 was 
performed by spectrophotometry to be 4%, 15%, and 
20% (wt%), respectively, using a literature published 
method with monor modification[61]. 

Preparations of UCNP@mSiO2/IR806@PAH 
and UCNP@mSiO2/IR806@PAH-PEG-FA 

To obtain amino-functionalized nanocomposites, 
5 mg UCNP@mSiO2/IR806 was added to a 25 mL 
ethanol solution containing 50 μL PAH (20 wt%) and 
the mixture was stirred for 24 h at room temperature. 
The negatively charged UCNP@mSiO2/IR806 was 
coverd with the positively charged PAH by 
electrostatic interaction. The amino-functionalized 
nanocomposites UCNP@mSiO2/IR806@ PAH were 
collected by centrifugation, washed with cold ethanol 
to remove unwanted components and the 
nanocomposites were re-dispersed in 10 mL water. 
The UCNP@mSiO2/IR806@PAH in 10 mL water was 
further conjugated with 5 mg FA-PEG-NHS by amide 
bond formation. The mixture was stirred for 12 h at 
room temperature to obtain the final product 
UCNP@mSiO2/IR806@PAH-PEG-FA (or UCNC- 
FAs), followed by centrifugation, washing and 
re-dispersion in water for further use. Quantitation of 
the loaded IR806 was performed by 
spectrophotometry to be 4%, 15%, and 20% (wt%), 
respectively, using a literature published method[60]. 

Stability and photothermal test  
The stability of IR806 in nanocomposites was 

tested by dispersing 1 mg UCNC-FAs in 10 mL PBS 
buffer (pH 7.4), incubation for 24 h at room 
temperature, centrifugation, and the supernatant was 
quantified for the released IR806 by spectrophoto-
metry. The photothemal test was performed by 793 
nm NIR laser (2W/cm2) irradiation at 3 mL solutions 
in cuvettes containing 1.5 mg/mL UCNC-FAs with 
different IR806 loading amounts (i.e. 0, 4, 15 and 20 
wt%) for up to 30 h using a home-made set-up. The 
temperatures of the solutions were recorded at 
different time intervals by an electronic thermometer 
(Lutron Electronic enterprise). The photothermal 
conversion efficiency (η) was calculated by using the 
method reported by Roper[62, 63].  

Cytotoxicity assays  
The cytotoxity of the core-shell-shell UCNC-FAs 

containing 20 wt% IR806 was evaluated employing 
MDA-MB-231 cancer cells. The cells were seeded in 
96-well plates (1 × 104 cells/well). After incubation in 
Dulbecco’s Modified Eagle Medium (DMEM) for 24 h 

at 37 °C under 5% CO2, 100 μL solutions of the 
UCNC-FAs in the concentration range of 3.9 - 1000 
μg/mL were added into each well and incubated for 
24 h and washed by PBS buffer. Then, 50 μl CCK-8 
reagent (10 times dilution with DMEM) was added 
into each well. After incubation for 1.5 h at 37 °C, the 
cell viability was determined by measuring the 
absorbance at 450 nm in each well. The cytotoxicities 
of the free type IR806 and the UCNP@mSiO2 NPs 
were measured in a similar way as that for 
UCNC-FAs. The data were shown as mean ± SD (n = 
3).  

In vitro cellular imaging 
MDA-MB-231 cancer cells were seeded in 

six-well culture dishes at a concentration of 5 × 105 

cells/well (2 mL) and incubated in DMEM for 24 
hours at 37 °C under 5% CO2 with and without the 
addition of the core-shell-shell UCNC-FAs (300 μg). 
All the cells were then incubated for 4 h and washed 
with PBS buffer solution to fully remove any excess 
UCNC-FAs. The cells were fixed by adding 
para-formaldehyde (2 wt%, 1 mL) in each culture dish 
for 10 min and the cell nuclei were stained with 
hoechst 33342 for 10 min. After washing with PBS 
solution, the cells were imaged using a laser confocal 
microscope (Olympus FV1000 & ZEISS LSM 880). 

In vitro NIR induced PTT 
MDA-MB-231 cancer cells were seeded in 

96-well plates (1 × 104 cells/well) and incubated in 
DMEM for 24 h at 37 °C under 5% CO2. Then 150 µL 
of the core-shell-shell UCNC-FAs (50 μg/mL, 20 wt% 
IR806) were added into each well and incubated for 
another 24 h. The treated cells (with UCNC-FAs) and 
the control group cells (without UCNC-FAs) were 
irradiated with a 793 nm laser (2W/cm2) for 30 min, 
followed by incubation for another 24 h and addition 
of the CCK-8 reagent (50 μl, 10 times dilution with 
DMEM) to each well. After incubation for 1.5 h at 37 
°C, the cell viability was determined by measuring the 
absorbance at 450 nm in each well. The data were 
shown as mean ± SD (n = 3). 

Results and Discussion 
Design, synthesis and characterizations of Nd3+ 
ion sensitized UCNPs 

The absorption cross-section of the Nd3+ ion at 
808 nm (i.e. 1.2 × 10−19 cm2) was one order of 
magnitude greater than that of the Yb3+ ion at 980 nm 
(i.e. 1.2 × 10−20 cm2)[64]. Because the peak of the Nd3+ 
ion at 793 nm is about 4 times higher than that at 808 
nm in the down-conversion (to Yb3+ ion) excitation 
spectrum (λem = 980 nm, vide infra)[58], it is expected 
that even higher energy absorption efficiency would 
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result by excitation at 793 nm at the Nd3+ ion and 
provide deeper tissue penetration depth with less 
overheating than 980 nm irradiation at the Yb3+ ion. 
However, it was reported previously that the 793 nm 
irradiation at the Nd3+ ions in the NaYF4 nanoparticles 
co-doped with the Yb3+ and Er3+ ions resulted in weak 
up-conversion luminescence by the Er3+ ions, even at 
the optimized Nd3+ and Er3+ ion concentrations 
(typically < 1%), which was probably due in part to 
the re-absorption of the emission by the Nd3+ ions (i.e. 
from Er3+ to Nd3+ 4IJ manifolds)[54, 57]. It was further 
reported that without the synchronous doping of the 
Nd3+ and Yb3+ ions in the lattice, the emission 
intensities of several Er3+ ion-doped NaYF4 
nanomaterials were too weak to be observed 
clearly[65]. Thus, the core-shell-shell nanoparticles 
comprising the lanthanide Nd3+, Yb3+ and Er3+ ions in 
the NaYF4 lattice were proposed to be used by us for 
the up-conversion luminescence imaging with 793 nm 
irradiation. The Er3+ ions act as the receptors and the 
Nd3+ and Yb3+ ions serve as the donors and mediators, 
respectively. By design, the Er3+ and Nd3+/Yb3+ ions 
are separately doped in the core and the outer shell 
layer, respectively, and divided by a middle Yb3+ ion 
shell[58], to increase the up-conversion efficiency and 
to reduce the energy back transfer from the Er3+ ions 
to the Nd3+ ions. The middle shell also increases the 
distance between the core Er3+ emitters and the outer 
surface to reduce surface quenching and 
non-radiative relaxation. Note that the mole% of Er3+ 
ion in the core and Nd3+ ion in the outer shell were 
purposely limited to 2% and 20%, respectively, to 
avoid luminescence concentration quenching.  

Our UCNPs design was different from another 
reported nanomaterial NaYF4:Yb(20%),Er(2%)@ 
NaYF4:Yb(20%)@NaNdF4:Yb(10%) UCNPs in which 
the outer shell was NaNdF4:Yb(10%)[55], presumably 
to maximize the absoption of the NIR light by the 
Nd3+ ions, although optimization was still needed 
because high absorption may lead to luminescence 
concentration quenching. It turned out that our 
current outer shell composition of NaYF4:Nd3+(20%), 
Yb3+(20%) was exactly that of the optimized for 
luminescence imaging reported very recently[66]. The 
synthetic approach of our NPs was also different from 
theirs, in that our NPs were made directly in the 
β-forms and their β-NPs were made through the 
α-form intermediates. Note that subtle differences in 
preparations may lead to nanoparticles with different 
morphologies and perhaps different photophysical 
properties (vide infra)[67]. Figure 1 shows the TEM 
images and DLS analysis results of the core 
NaYF4:Yb,Er NPs, the core-shell NaYF4:Yb,Er@ 
NaYF4:Yb NPs and the core-shell-shell NaYF4:Yb,Er@ 
NaYF4:Yb@ NaYF4:Yb,Nd UCNPs, as well as their 

X-ray diffraction pattens. 
From the TEM images it is observed that the NPs 

and UCNPs are uniform in size with regular 
hexagonal shapes and the average sizes are in the 
order core < core-shell < core-shell-shell (Figure 1, 
A-C). XRD pattens of the core, core-shell and 
core-shell-shell NPs confirm that these nanomaterials 
are in hexagonal phases by comparing with JCPDS 
No.16-0334 β-NaYF4 (Figure 1, G). Assuming the NPs 
and UCNPs are all cylindrical, the respective 
hexagonal diameters (D) and heights (H) were 
estimated to be Dcore = 17.6 nm, Hcore = 23.5 nm; 
Dcore-shell1 = 20.6 nm, Hcore-shell1 = 32.3 nm; Dcore-shell1-shell2 

= 25 nm, Hcore-shell1-shell2 = 41 nm for the core/core-shell 
NPs and core-shell-shell UCNPs, respectively (SD ~ 
0.5 – 1.2 nm). These are smaller than but in accord 
with that estimated by the DLS measurements of the 
monodispersive nanoparticles with very low 
polydispersity index (PdI) values of 0.121, 0.117 and 
0.108, respectively (Figure 1, D-F)[68]. The average 
thickness estimated by the DLS data was 5 nm for the 
first shell and 2.5 nm for the second shell. The particle 
sizes by DLS analyses are larger than those of TEM 
measurements which has been reported 
previously[69-71]. 

On the other hand, an interesting anisotropic 
shell growth of the NPs was noted by comparing the 
unequal shell thickness of each shell estimated from 
TEM images, i.e. from the values of hexagonal 
diameters and heights, the values of the shell 
thickness of ΔDshelli and ΔHshelli (i = 1 or 2) were 
calculated to be: ΔDshell1 = (Dcore-shell1 - Dcore)/2 = 1.5 
nm, ΔHshell1 = (Hcore-shell1 - Hcore)/2 = 4.4 nm; ΔDshell2 = 
(Dcore-shell1-shell2 - Dcore-shell1)/2 = 2.2 nm, ΔHshell2 = 
(Hcore-shell1-shell2 - Hcore-shell1)/2 = 4.35 nm. The H/D 
aspect ratios for the core, core-shell and 
core-shell-shell NPs were 1.34, 1.57 and 1.64, 
respectively. The ΔHshell1/ΔDshell1 and ΔHshell2/ΔDshell2 
values were 2.9 and 2.0, respectively. In a previous 
paper it was stated that the prevalence of anisotropic 
shell growth in many up-conversion NaLnF4 systems 
was caused by a combination of factors: selective 
adsorption of ligands on the core surface due to the 
core crystal structure, ligand etching, and the lattice 
mismatch between core and shell components[72]. It 
was claimed that the shell growth was highly 
anisotropic in the oleic acid synthesis system: the shell 
tended to grow from the six lateral faces rather than 
along the perpendicular axis to the hexagonal face, 
especially when the shell was thin. For example, in the 
cases of core-shell NaYF4:Yb3+(20%),Er3+(2%)@NaYbF4 
and NaYF4:Yb3+(20%),Er3+(2%)@NaGdF4, unlike the 
NaYbF4 shell, the NaGdF4 shell only grew on the side 
faces regardless of the shell thickness, due to 
relatively large lattice mismatch between the NaGdF4 
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shell and the NaYF4 core, as well as the different ionic 
radii of Y3+ and Gd3+ ions. The Nd3+ ion in our UCNPs 
are larger than the Gd3+ ion, however, the shell 
growth was more along the perpendicular axis. Thus, 
it was more likely that by the control over the ratio of 
oleate anions (OA-) to oleic acid molecules (OAH), the 
crystallographic facets of the nanoparticles could be 
directionally inhibited, promoted or etched, which 
enabled selective grafting of shells with complex 
morphologies grown over nanocrystal cores[67]. 

From the TEM images we were able to estimate 
the volumes of the core and shells in these NPs 
according to a literature publised method with minor 
modifications[73] (Method S1, Supplementary 
materials). At the added 1:1:2 mole ratio for the 
core:first shell:second shell starting material mixtures, 

the core:first shell:second shell volume ratio was 
found to be about 1:0.88:1.64 after the reaction and 
purification, indicating that the loading efficiency was 
gradually reduced as the number of shells was 
increased from one to two. A unique method to 
compare the wt% and mole% compositions calculated 
by using the morphological images and the 
inductively coupled plasma (ICP) elemental analysis 
data of the core, core-shell and core-shell-shell NPs 
can now be developed. Assuming these NPs are 
cylindrical and the volume ratios are similar to mole 
ratios, the theoretical (based on starting reaction 
mole% data), calculated (based on TEM images) and 
experimentally determined (based on ICP data) wt% 
and mole% compositions of Y3+, Yb3+, Er3+ and Nd3+ in 
the core, core-shell and core-shell-shell NPs were 

 
Figure 1. TEM images (A-C) and DLS results (D-F, in water) of core NaYF4:Yb,Er NPs (A, D), core-shell NaYF4:Yb,Er@NaYF4:Yb NPs (B, E) and core-shell-shell 
NaYF4:Yb,Er@NaYF4:Yb@ NaYF4:Yb,Nd UCNPs (C, F); scale bar = 50 nm. XRD pattens (G) of the core NPs, core-shell NPs and core-shell-shell UCNPs are in hexagonal phases 
by comparing with JCPDS No.16-0334 β-NaYF4.  
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calculated and listed in Table 1. Detailed examples of 
calculations are also shown in Method S1 
(Supplementary materials). In general, the calculated 
results based on the TEM images and ICP data were 
quite consistent, as compared with those of the 
theoretcally expected. It is interesting to note that the 
differences between TEM estimated and the ICP data 
determined wt% and mole% for Y3+, Yb3+, Er3+ and 
Nd3+ are -1.2%, +1.7%, -0.2% and -0.3%, respectively. 
These discrepancies might result from the difficulties 
of handling small quantities of the hygroscopic 
starting materials as well as the errors due to ICP 
determinations[74]. 

 

Table 1. The theoretical (based on starting reaction mole% data), 
calculated (based on TEM images) and experimentally determined 
(based on ICP data) wt% and mole% compositions of Y3+, Yb3+, 
Er3+ and Nd3+ in the core, core-shell and core-shell-shell NPs. 

NPs  core core-shell core-shell-shell 
Compositions  wt % mol % wt % mol % wt % mol % 
Theoretical calculation Y 64.6% 78.0% 65.9% 79.0% 58.8% 72.7% 

Yb 32.3% 20.0% 32.5% 20.0% 31.5% 20.0% 
Er 3.1% 2.0% 1.6% 1.0% 1.0% 0.7% 
Nd     8.7% 6.7% 

Calculated from TEM images Y 64.6% 78.0% 65.9% 78.9% 59.1% 72.9% 
Yb 32.3% 20.0% 32.5% 20.0% 31.5% 20.0% 
Er 3.1% 2.0% 1.7% 1.1% 1.1% 0.7% 
Nd     8.3% 6.3% 

Determined from ICP data Y 63.9% 77.4% 63.4% 77.1% 57.9% 72.0% 
Yb 32.7% 20.3% 34.9% 21.8% 33.2% 21.3% 
Er 3.5% 2.2% 1.7% 1.1% 0.9% 0.6% 
Nd     8.0% 6.1% 

 
 
The EDS data for the core-shell-shell sample was 

obtained to directly observe the distribution of the 
Y3+, Nd3+ and Yb3+ ions (Figure S4, Supplementary 
materials). The Er3+ ions were confined in the inner 
region, thus could not be detected at outer region, 
similar to that reported previously[55]. The 
high-resolution transmission electron microscopy 
(HRTEM) images of the core-shell-shell UCNPs and 
UCNP@mSiO2 were also attached. (Figure S5, 
Supplementary materials). Because the base material 
is NaYF4, the layers in the core-shell-shell structure 
could not be observed, which was also similar to that 
reported previously[58]. However, the increasing 
sizes and the ICP data analysis clearly showed the 
core, core-shell and core-shell-shell formations and 
the presence of each LnIII ion in the UCNPs.  

Photophysical properties of NPs 
The luminescence spectra of the NPs in n-hexane 

with 125 mW/cm2 continuous wave NIR radiations at 
980 nm or 793 nm are shown in Figure 2.  

It is observed in Figures 2A that the Yb3+ to Er3+ 
up-conversion emission peak intensities at 520 nm 
(2H11/2 →4I15/2), 540 nm (4S3/2→4I15/2) and 654 nm (4F9/2 

→4I15/2) increase with incresing number of shells 

added from the core NaYF4:Yb,Er NPs to the 
core-shell NaYF4:Yb,Er@NaYF4:Yb NPs, and to the 
core-shell-shell NaYF4:Yb,Er@NaYF4:Yb @NaYF4:Yb, 
Nd UCNPs at λex = 980 nm in n-hexane. This confirms 
the effects of the shells in facilitating the energy 
transfer, probably by decreasing surface crystal defect 
and quenching. At similar concentrations, the 
emission intensities at 520, 540 and 654 nm of the 
core-shell-shell UCNPs increased about 8, 7.9 and 3 
times than those of the core NPs, respectively. On the 
other hand, excitation at 793 nm could also produce 
up-conversion energy transfer from the Nd3+ ions in 
the core-shell-shell NaYF4:Yb,Er@NaYF4:Yb@NaYF4: 
Yb,Nd UCNPs to the Er3+ ions via 
Nd3+→Yb3+→Er3+ (vide infra) to result in the peak 
maxima at 520 nm, 540 nm and 654 nm which were 
consistent with that reported in the literature (Figure 
2B)[54]. 

The down-conversion energy transfer from the 
Nd3+ ions in the core-shell-shell UCNPs excited at 793 
nm to the Yb3+ ions could be confirmed by the 
emission spectrum in the NIR region (Figure 2C, λmax 
= 980 nm, due to the 2F5/2 → 2F7/2 transition). Figure 
2C (inset) also shows the excitation spectrum of the 
core-shell-shell UCNPs in the 720-810 nm wavelength 
region (λem = 980 nm), and analysis of the spectrum 
indicating excitation at 793 nm is about 4 times 
stronger than that at 808 nm for the down-conversion 
to 980 nm (vide supra). NIR lights have low scattering 
characteristics which are more suitable for deep-tissue 
luminescence imaging than the visible lights, and 
would be at least useful in small animal models for 
pharmacokinetic studies and monitoring drug 
effectiveness. 

Surface modification of UCNPs 
The surface of the core-shell-shell UCNPs is 

relatively hydrophobic and is preferably modified 
with hydrophilic materials for biomedical 
applications. In this regard, we have used the 
mesoporous silica (mSiO2) to modify our UCNPs for 
larger surface area and more pores to load 
photosensitizers for PDT[61, 75, 76] or chemo- 
drugs[77], via physisorption or covalent bond 
formation, which could be delivered to the tumor sites 
through the well-known enhanced permeability and 
retention (EPR) effect[78]. This was done by using 
CTAC as the surfactant and porous template to help 
polymerization of mSiO2 to cover the UCNPs surface. 
The resulted UCNP@mSiO2 product could be evenly 
dispersed in aqueous solution and TEM image 
confirmed that the mSiO2 shell was coated on the 
surface (Figure 3A). The average diameter of the 
nanoparticles was about 73 nm and the thickness of 
the mSiO2 layer was about 20 nm with clearly visible 
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pores. DLS analysis gave a larger average diameter of 
143.6 ± 28.0 nm (Figure 3B). 

 The zeta potential of the freshly prepared 
UCNP@mSiO2 containing some residual CTAC was 

+30.5 mv. After washing with NaCl methanol solution 
to remove the residual CTAC, the zeta potential was 
-10.9 mV. Further loading of the photosensitizer IR806 
(20 wt%) in the pores and coating with positively 

 
Figure 2. (A) Up-conversion emission spectra of the core NaYF4:Yb,Er NPs (green), the core-shell NaYF4:Yb,Er@NaYF4:Yb NPs (blue), and the core-shell-shell 
NaYF4:Yb,Er@NaYF4:Yb@NaYF4: Yb,Nd UCNPs (red); λex = 980 nm, 1 mg/mL in n-hexane. (B) Up-conversion emission spectrum of NaYF4:Yb, Er@NaYF4:Yb@NaYF4:Yb,Nd 
core-shell-shell UCNPs (λex = 793 nm, 1 mg/mL in n-hexane; inset: photograph of the sample solution). (C) Down-conversion emission spectrum (λex = 793 nm, 1 mg/mL in 
n-hexane) and excitation spectrum (λem= 980 nm, inset) of NaYF4:Yb,Er@ NaYF4:Yb@ NaYF4:Yb,Nd UCNPs. 

 
Figure 3. (A) TEM image and (B) DLS result of the UCNP@mSiO2. 
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charged PAH containing NH2 functional groups to 
prevent the loss of IR806[79], the zeta potential of the 
resulted UCNP@mSiO2/IR806@PAH was +81.2 mV. 
If the FA-PEG-NHS ester was covalently bonded to 
the nanoparticles via peptide bond formation with the 
NH2 functional groups for active tumor targeting[80], 
the zeta potential of the final UCNP@mSiO2/IR806 
@PAH/PEG-FA nanocomposite was +65.3 mv. Using 
this nanocomposite at concentrations from 3.9 to 62.5 
µg/mL, the dark cell viabilities were all greater than 
85%, indicating that this material was rather safe for 
further biological and preclinical tests (vide infra). 
Note that an optimized zeta potential of this type of 
nanocomposites for future practical biological and 
clinical applications is currently unknown, however, 
it could be easily reduced by adding the loaded 
amount of PEG-FA if needed[81]. Detailed TEM 
images, DLS analysis and Zeta-potential 
measurements of UCNP@mSiO2/ IR806@PAH and 
UCNP@mSiO2/IR806@PAH/PEG-FA are shown in 
Figure S6 (Supplementary materials).  

The absorption peak maximum of IR806 is at 790 
nm. The UCNPs after loading IR806 became dark 
green and the peak maximum was red-shifted to 800 
nm (Figure S7, Supplementary materials)[82]. On the 
other hand, the up-conversion emission spectra of the 
UCNPs in n-hexane as well as the UCNP@mSiO2 and 
UCNP@mSiO2/IR806(20 wt%)@PAH/PEG-FA (or 
UCNC-FAs) in aqueous solutions are shown in Figure 
4.  

Unlike our previous study of the Gd2O2S:Eu 
nanoparticles which lost most of luminescence in 
moving from n-hexane to aqueous solution[83], our 
currently prepared UCNPs and UCNP@mSiO2 
retained about 80% emission intensities at 540 nm. 
However, after loading IR806 (20 wt%), the emission 
intensity at 540 nm was reduced to about 1/7 of that 
of UCNP@mSiO2, probably because IR806 absorbed 
most of the light at 793 nm due to much higher molar 
absorptivity than the Nd3+ ion, although it was 

possible for the IR806 to transfer energy to Nd3+[84, 
85]. As mentioned previously, lower IR806 loading 
would increase the emission intensity at the expense 
of decreasing its photothermal efficacy (vide infra)[86]. 
Note that the Er3+ ions in the UCNPs core were well 
shielded by the shells and their optical properties, i.e. 
lifetimes and emission intensities should not be 
affected by the outer surface modifications[87]. The 
absorption spectrum of IR806 in the present 
nanocomposites had little overlap with the emission 
spectrum of the Er3+ ion. Thus, as the up-conversion 
receptor, the Er3+ ion would be expected to function as 
an effective imaging mediator. 

The 650-670 nm band emission intensity after 
loading IR806 (20 wt%) was about 50% of that without 
loading. This is typical for the up-conversion 
nanomaterials for which the emission band intensities 
at different wavelengths will change with excitation 
power density, as well as composition, structure, size 
and shape[88-90]. For example, the respective 
NaYF4:Yb3+,Er3+ red (650 nm)-to-green(540 nm) 
emission intensity ratios excited at 45 and 150 W/cm2 
are 1.05 and 1.45, which is not proportional to their 
excitation power. In the absence of a suitable 
equipment to measure the up-conversion quantum 
yield, we cited an unoptimized up-conversion 
absolute quantum yield of a similar quenching-shield 
sandwich structure NaYF4:Yb,Er@NaYF4:Yb@NaNd 
F4:Yb UCNPs at 540 nm to be 0.11 ± 0.05% under 
excitation at 800 nm (20W/cm2)[55]. Although it is 
possible to further optimize the IR806 loading amount 
and the lanthanide doping percentages to achieve 
better emission imaging as well as photothermal 
effect[84, 86], such subtle adjustments would be quite 
complicated and were not appropriate at the current 
proof-of-principle stage. 

The amount of loaded IR806 onto the 
core-shell-shell UCNC-FAs was estimated by 
subtracting the unreacted IR806 in the reaction 
supernatant after centrifugation from the total added 

 

  
Figure 4. Up-conversion emission spectra of the UCNPs in n-hexane (green) as well as UCNP@mSiO2 (purple) and UCNP@mSiO2/IR806(20 wt%)@PAH/PEG-FA (blue) in 
aqueous solutions (λex = 793 nm, 1 mg/mL). 
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IR806 using equation 1. A standard IR806 calibration 
curve was prepared to determine the unreacted IR806 
and the loaded amount of IR806 was about 20 wt% 
when 2.5 mg IR806 was added to 5 mg UCNPs. Other 
loaded amounts of IR806 on the UCNC-FAs could be 
obtained by varying the relative amounts of IR806 and 
UCNPs. The stability test of the loaded IR806 in 1 mg 
nanocomposites in 10 mL PBS bufter (pH 7.4) after 24 
h showed less than 5% of the IR806 was released to 
the supernatant indicating more than 95% IR806 was 
still in the UCNC-FAs.  

IR806 loading(%) = Mass of IR806 incorporated into paticles
Mass of particles

× 100%  
  (1) 

Photothermal test 
The photothermal test was performed using 

UCNC-FAs aqueous solutions containing varying 
amounts of loaded IR806 with pure water as the 
control. Figure 5A shows that the solution 
temperature was increased with increasing 793 nm 
radiation time at 2W/cm2 starting at 29.3 °C. After 20 
min irradiation, the respective temperatures were 38.9 
°C, 40.5 °C, 42.3 °C and 45.4 °C for the UCNC-FAs 
solutions containing 0%, 4%, 15% and 20% IR806. The 
respective temperatures increased were 9.6 °C, 11.2 
°C, 13.0 °C and 16.1 °C which varied linearly with 
increasing amount of loaded IR806 (Figure 5B).  

The respective slope and intercept of the linear 
regression analysis at 10 min heating time were 0.25 
°C/%IR806 and 8.25°C (r2 = 0.97); and at 20 min heating 
time, 0.30 °C/%IR806 and 9.61°C (r2 = 0.92). Specifically, 
for the UCNC-FAs with 20% loaded IR806, the 
temperature was raised to 42.4 °C with 10 min 
irradiation. This confirms that the UCNC-FAs could 
be used for further biological studies for 
photothermal therapy. Note that the 808 nm radiation 
at 1~2W/cm2[15], 3.8W/cm2 [19] and 6W/cm2 [18] 

were all reported which did not cause cell damage in 
the absence of the PTT agents. These results were 
similar to ours with 793 nm radiation at 2W/cm2.  

The photothermal conversion efficiency (η) of 
the UCNC-FAs with 20% loaded IR806 was calculated 
to be 46% by the method published previously [62, 63] 
(Method S2, supplementary materials), which was 
higher than that (i.e. 17-21%) using ICG and 
commercially available gold nanorods, respect-
ively[63, 91], but lower than that (i.e. 88%) of 
graphene-IR780[92]. Note that the radius of 
irradiating area of our 793 nm NIR laser equipped 
with a collimator was about 15 mm, which was 
greater than those (i.e. < 3 mm) of other studies, e.g. 
using 808 nm laser without collimator. A larger and 
controllable NIR irradiation area could be potentially 
beneficial for in vivo photothermal therapy against 
cancer due to its flexibility to adjust the irradiation 
area based on the sizes of the diseased tissue needed. 

Cell viability test 
The use of the mSiO2 layer to load IR806 in the 

pores and further coating with PAH/PEG-FA was 
designed to increase the IR806 loading with high dark 
cell viability without light radiation, and to exert high 
cell toxicity with photo-excitation. The UCNC-FAs 
containing 20% IR806 in different concentrations were 
mixed with the MDA-MB-231 cancer cells in dark for 
24 h and the measured cell viabilities were compared 
with those of free type IR806 in the 0 - 32 μg/mL 
concentration range (Figure 6A). It was observed that 
free type IR806 was much more toxic than that loaded 
in the UCNC-FAs. For example, free type IR806 at 4 
µg/mL exerted a cell viability of 23% (i.e. IC50 ~ 1.7 
µg/mL) which was much lower than the cell viability 
when 12.5 µg/mL of IR806 was loaded in the UCNPs, 
i.e. 85% (i.e. IC50 > 100 µg/mL). This was in contrast to 
the IR780 iodide for which the dark viabilities were 

 

 
Figure 5. (A) Plots of temperature vs. 793 nm radiation time (2W/cm2) starting at 29.3 for various UCNC-FAs aqueous solutions containing varying wt% of loaded IR806: black, 
pure water; green, 0%; red, 4%; blue, 15%; brown, 20%. [UCNC-FAs] = 1.5 mg/mL. (B) Linear regression analysis of temperature increased (ΔT, °C) vs. loading % of IR806 after 
10 min (●) and 20 min (○) heating with 793 nm laser. 
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not much different between the free type and 
formulated heparine-folic acid-IR-780 nanoparticles 
by self-assembly[5]. In addition, the dark 
MDA-MB-231 cell viabilities of the UCNP@mSiO2 
NPs without IR806 were all lower as compared to 
those of UCNC-FAs at concentrations greater than 
62.5 μg/mL, i.e. P < 0.05 (Figure 6B). Note that the cell 
internalization of UCNC-FAs is likely higher than that 
of UCNP@mSiO2 NPs without IR806 due most likely 
to the folate-mediated endocytosis (vide infra), its cell 
viabilities are greater as compared to those of 
UCNP@mSiO2 NPs without IR806, presumably due to 
the protective PEG coating on the UCNC-FAs [61, 93]. 

In vitro Cell imaging 
Figure 7 shows the confocal laser scanning 

microscope images of the MDA-MB-231 cells 

incubated with and without UCNC-FAs. Because the 
up-conversion luminescence imaging equipment is 
still under development, the cell images were 
obtained with 488 nm direct irradiation at the Er3+ 
ions. It was observed that the UCNC-FAs were clearly 
distributed in the cytoplasm of the cells, most likely 
through the well-known folate-mediated endocytosis 
as has been demonstrated in many cases[12, 39, 60] 
and possibly the electrostatic interactions between the 
particles and cell membranes. Note that if a 793 nm 
laser radiation source was used for similar in vivo 
imaging study, the result would be expected to be 
much better than that using the 488 nm radiation due 
to better penetration depth ability of the 793 nm laser.  

 

 
Figure 7. Confocal laser scanning microscope luminescence imaging of MDA-MB-231 cells incubated with and without UCNC-FAs. Cell nuclei stained with Hoechst 33342 were 
shown in blue. The luminescence signal of UCNC-FAs was displayed in green. No luminescence in the control group was observed when the cells were not treated with the 
UCNC-FAs. 

 
Figure 6. (A) Dark MDA-MB-231cell viability by incubation with different concentrations of IR806: free type (red); loaded in the UCNC-FAs (blue). (B) Dark MDA-MB-231cell 
viability by incubation with different concentrations of UCNC-FAs containing 20 wt% IR806 (blue) and UCNP@mSiO2 (green). 
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In vitro photothermal therapy 
Figure 8 shows that in the presence of 31.25 

μg/mL and 62.5 μg/mL UCNC-FAs (containing 20 
wt% IR806), the respective MDA-MB-231 cell 
viabilities after 793 nm irradiation at 2 W/cm2 for 30 
min decreaded to 71% from the control 97% (P = 
0.0317) and to 49% from the control 86% (P = 0.0092), 
indicating that the UCNC-FAs prepared in the current 
study are quite effective as potential drugs for 
photothermal therapy. The cells without UCNC-FAs 
under similar NIR irradiation were not affected.  

 

 
Figure 8. In vitro photothermal therapy efficiency using different concentrations 
(31.25 μg/mL and 62.5 μg/mL) of UCNC-FAs (containing 20 wt% IR806) under 
2W/cm2 793 nm laser irradiation. Control group was incubated with the 
nanocomposite without light treatment.  

 
The in vivo targeting, imaging and PTT efficacy 

studies will be performed at a later stage if the 
optimized nanocomposite becomes a potential drug 
candidate as compared to others under current study 
to warrant for further preclinical tests. 

Conclusion 
In conclusion, we have designed and prepared a 

novel nanocomposite (i.e. UCNP@mSiO2/ 
IR806@PAH-PEG-FA or UCNC-FAs) combining the 
PTS IR806 and Nd3+ sensitized core-shell-shell 
NaYF4:Yb,Er@NaYF4:Yb@NaYF4:Yb,Nd UCNPs, and 
demonstrated that it is possible to use a single 
wavelength 793 nm light irradiation to perform 
photothermal therapy (PTT) and luminescence 
imaging using this theranostic nanomaterial. This 
approach is more convenient to use for deeper-tissue 
penetration and to reduce overheating problems 
when compared with irradiation at 980 nm. Both up- 
and down-conversion energy transfers to allow 
emissions in the visible and NIR wavelength regions 
are possible for luminescence imaging. Loading of 
IR806 in the mSiO2 pores and protection by 
PAH-PEG-FA coating make the nanacomposites to be 
much more viable as compared to the free type IR806 
dye. In vitro studies using the MDA-MB-231 cancer 
cells showed that the UCNC-FAs with folate (FA) 

functional groups could facilitate cell endocyctosis, 
making it a potentially effective theranostic drug for 
targeted PTT and luminescence imaging when 
irradiated by a single NIR 793 nm laser. 

Future work will extend this platform to 
optimize the photophysical properties and the 
loading effectiveness of the photothermal and/or 
imaging sensitizers, and to improve the 
biocompatibilities of the nanocomposites. Additional 
preclinical in vivo animal model studies including NIR 
up-conversion and down-conversion luminescence 
imaging with high signal-to-noise ratios, and 
hopefully clinical evaluations of potential theranostic 
drug candidates are also needed for effective targeted 
photothermal therapy and luminescence imaging 
using a single NIR light radiation, emplying core-shell 
like nanocomposites containing, e.g. 
NaLnF4:Ln’@TiO2 or other photosensitizers (Ln = Y, 
Gd; Ln’ = Nd, Er, Tm, Yb). 
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Geometric TEM morphological and ICP data analysis 
of core, core-shell and core-shell-shell UCNPs in 
Method S1; calculation of the photothermal 
conversion efficiencies (η) for FA-UCNCs in Method 
S2; 1H-NMR, 13C-NMR and 2D-NMR of IR806; mass 
spectra of IR806; HPLC chromatograms of IR806 and 
IR780; the EDS data of the core-shell-shell UCNPs; 
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