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Abstract: In this study, we developed a nanosystem based on upconversion nanoparticles 

(UCNPs) coated with a layer of polyaniline nanoparticles (PANPs). The UCNP induces upcon-

version luminescence for imaging and photothermal conversion properties are due to PANPs. 

In vitro experiments showed that the UCNPs-PANPs were nontoxic to cells even at a high 

concentration (800 µg mL−1). Blood analysis and histological experiments demonstrated that 

the UCNPs-PANPs exhibited no apparent toxicity in mice in vivo. Besides their efficacy in pho-

tothermal cancer cell ablation, the UCNP-PANP nanosystem was found to achieve an effective 

in vivo tumor ablation effect after irradiation using an 808 nm laser. These results demonstrate 

the potential of the hybrid nanocomposites for use in imaging-guided photothermal therapy.

Keywords: upconversion nanoparticles, polyaniline, upconversion luminescence, photothermal 

therapy

Introduction
Photothermal therapy (PTT) is based on controlling the conversion of light into heat, 

which can employed to ablate diseased (ie, cancerous) tissues.1 During PTT treatment, 

heat is generated by the interaction between laser light and PTT coupling agents, and 

the heat can be localized to areas where the PTT coupling agents and the applied light 

overlap. Therefore, compared with traditional cancer therapies, such as surgery, radio-

therapy, and chemotherapy, PTT allows excellent spatial control and prevents exces-

sive off-target damage. Currently, the available PTT coupling agents mainly consist of 

metal nanoparticles (Au, Ag, Pd, Ge, etc),2–9 semiconductor nanoparticles (CuS, CuSe, 

etc),9–12 carbon-based nanomaterials (carbon nanotubes, graphenes, etc),13 and polymeric 

nanoparticles (polyaniline, polypyrrole, poly[3,4-ethylenedioxythiophene], etc).14–28 

Polymeric nanoparticles have been widely explored by several different groups for use 

in PTT to treat cancer. Among the most popular polymeric nanoparticles, polyaniline 

is the oldest and potentially one of the most useful conducting polymers due to its 

conductivity, mechanical flexibility, low cost, and noncytotoxicity. Previously, poly-

aniline nanoparticles (PANPs) have been successfully used as photothermal coupling 

materials for PTT both in vitro and in vivo due to their excellent photostability, biode-

gradability, good biocompatibility, and high photothermal conversion efficiency.29,30 

However, to facilitate more precise therapy, further research is still needed to develop 

diagnostic and imaging components in a single nanosystem.
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In addition, due to the availability of lanthanide elements 

with unique 4f electron structures, the doping of lanthanide 

ions (a sensitizer of Yb3+ and an activator of Er3+/Tm3+/Ho3+, 

etc) in nanoparticles can yield a unique upconversion 

luminescence (UCL) process, where low-energy light is 

converted into high-energy light via sequential multiple 

photon absorptions or energy transfers.31 Thus, lanthanide-

based upconversion nanoparticles (UCNPs) have special 

optical characteristics, such as sharp emission lines, large 

anti-Stokes shifts of several hundred nanometers, and the 

absence of autofluorescence in biosamples.32–38 Therefore, 

UCNPs have been recently used as building blocks in the 

construction of multimodal contrast agents for imaging-

guided therapy.39–45

In the current study, upconversion nanoparticles (UCNPs) 

were first prepared by a typical solvothermal method. A 

polyaniline photothermal therapeutic shell was then formed 

by the polymerization of an aniline monomer in acid aque-

ous conditions, thereby obtaining polyaniline-coated UCNPs 

(UCNPs-PANPs). The UCL properties, photothermal conver-

sion efficiency, and safety of the developed UCNPs-PANPs 

were assessed. In addition, their potential use in cancer treat-

ment with mice bearing tumors was evaluated to determine 

their PTT efficacy.

Materials and methods
Materials
Rare-earth oxides Lu

2
O

3
 (99.99%), Yb

2
O

3
 (99.9%), and Er

2
O

3
 

(99.9%) were purchased from Beijing Lansu Co. (Beijing, 

People’s Republic of China). Oleic acid (OA, 90%) was 

purchased from Sigma-Aldrich Co. (St Louis, MO, USA). 

1-Octadecene (ODE, 90%), ammonium fluoride (NH
4
F, 

98%), and tetrafluoroborate (NOBF
4
) were purchased 

from Alfa Aesar Ltd. Aniline was purchased from Tianjin 

Guangfu Technology Development Co. Ltd. Ethanol, cyclo-

hexane, dichloromethane (CH
2
Cl

2
), sodium dodecyl benzene 

sulfonate, and polyvinyl alcohol were purchased from 

Sinopharm Chemical Reagent Co., Ltd. (Beijing, People’s 

Republic of China). Ammonium persulfate ((NH
4
)

2
S

2
O

8
), 

sodium hydroxide (NaOH), and hydrochloric acid (HCl) 

were purchased from Beijing Chemical Works. Deionized 

water was used throughout. Rare-earth chlorides (LnCl
3
, Ln: 

Lu, Yb, Er) were prepared by dissolving the corresponding 

metal oxide in 10% HCl at elevated temperature and then 

evaporating the water completely under reduced pressure. 

All the chemicals used were of analytical grade and were 

used without further purification.

synthesis of UcNPs-PaNPs
synthesis of Oa-coated UcNPs
OA-coated UCNPs were synthesized according to a previous 

method.46 Next, 6 mL OA and 15 mL ODE were added into 

a 100 mL three-necked flask containing LuCl
3
 (0.78 mmol), 

YbCl
3
 (0.20 mmol), and ErCl

3
 (0.02 mmol). The mixture 

was heated to 160°C at argon atmosphere to form a homo-

geneous and transparent solution and then cooled down to 

room temperature. NaOH (2.5 mmol) and NH
4
F (4 mmol) 

were incorporated into the flask and stirred for 30 minutes. 

Subsequently, the solution was heated to 295°C and main-

tained for 1 hour at argon atmosphere. After the solution 

was cooled naturally, an excess amount of ethanol was 

poured into the resultant mixture and centrifugally separated, 

and the products were collected and washed with ethanol 

three times.

synthesis of UcNPs-PaNPs
The bald UCNPs were obtained from the OA-coated 

UCNPs through a ligand-free process.47 OA-coated UCNPs 

(10 mg) were added into a flask containing certain amount 

of oversaturated NOBF
4
 solution. The mixture was dispersed 

under sonication for 10 minutes and then was centrifugally 

separated.

The UCNPs-PANPs were synthesized by an in situ 

chemical oxidative polymerization. In a typical proce-

dure, 10 mg bald UCNPs were added into an aqueous 

solution containing 5 mg sodium dodecyl benzene sul-

fonate and 15 mg polyvinyl alcohol. The solution was 

then ultrasonicated to make well-dispersed bald UCNPs. 

Then, the solution was stirred at room temperature for 

30 minutes and 5 µL of aniline monomer was added. 

After further stirring for 30 minutes, 30 mg (NH
4
)

2
S

2
O

8
 

was added into the reaction mixture to induce the polym-

erization reaction. The mixture was then polymerized for 

5 hours at room temperature to obtain UCNPs-PANPs 

with a dark green color. For bioapplication, UCNPs-

PANPs were further capped with F127 according to the 

previous literature.30

characterization
The sizes and morphologies of UCNPs and UCNPs-PANPs 

were characterized using a Tecnai G2F30 transmission elec-

tron microscopy (TEM) under 300 kV accelerating. Samples 

were dispersed in cyclohexane or ethanol and dropped on the 

surface of a copper grid. Energy-dispersive X-ray (EDX) anal-

ysis of the UCNPs was also performed during high-resolution 
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TEM measurements. Powder X-ray diffraction (XRD) 

measurement was measured with a Bruker D8 advance X-ray 

diffractometer from 10° to 90° (Cu Kα radiation, λ=1.54 Å). 

Ultraviolet–visible–near infrared (UV–vis–NIR) absorption 

spectra were obtained on a Shimadzu UV-3600 UV–vis–NIR 

spectrophotometer. The nanoparticles were dispersed in etha-

nol to measure the UV–vis–NIR spectra. UCL spectra were 

measured with a Maya2000 Pro fluorescence spectrometer, 

using an external 0–5 W adjustable continuous wavelength 

laser at 980 nm, as the excitation source. Zeta potential and 

hydrodynamic diameter were measured on a Zetasizer nano 

90. To ensure the accuracy of size distribution measurement, 

great care was taken to eliminate dust from the sample. The 

aqueous solution of the UCNPs-PANPs was filtered through 

two membrane filters with 0.45 µm nominal pore size con-

nected in series.

cell culture
A human colon carcinoma cell line (U87MG) was provided 

by the American Type Culture Collection. The cells were 

grown in Modified Eagle’s Medium (MEM) supplemented 

with 10% fetal bovine serum at 37°C under 5% CO
2
. This 

study was approved by the ethics committee of Renmin 

University of China.

Photothermal properties
The photothermal conversion efficiency (η value) of 

UCNPs-PANPs solution (200 µg mL−1) under 808 nm 

irradiation (0.8 W cm−2) was calculated using the following 

equation:48

 
η

−
λ

=
hA T Q

I A

∆
− −

max

( )
s

1 10  

(1)

where h is the heat transfer coefficient, A is the surface area of 

the container, ΔT
max

 is the temperature change of the UCNPs-

PANPs solution at the maximum steady-state temperature, 

I is the laser power, Aλ is the absorbance of UCNPs-PANPs 

at a specific wavelength, Q
s
 is the heat associated with the 

light absorbance of the solvent, and η is the photothermal 

conversion efficiency.

The photothermal images of UCNPs-PANPs in solu-

tion were obtained using an FLIR E40 equipment running 

on FLIR tools systems (FLIR Systems, Inc., Wilsonville, 

OR, USA), in conjunction with an 808 nm laser (Xi’an 

Sampling Laser Technic Institute). The whole system is 

set up, including photothermal imaging equipment, laser 

illuminator (808 nm), laser diode, lens, fibers, and specimen 

table. Dilutions of UCNPs-PANPs in deionized water 

(2.0 mg mL−1) were placed in a series of specimen bottles 

irradiated by an 808 nm laser (0.50 W cm−2, 0.85 W cm−2, and 

1.20 W cm−2). The temperature signals recorded at different 

time intervals (0–120 seconds) were analyzed with FLIR 

tools systems.

Toxicity of UcNPs-PaNPs
Methyl thiazolyl tetrazolium study
In vitro cytotoxicity was measured by performing methyl 

thiazolyl tetrazolium (MTT) assays on the U87MG cells. 

Cells (90 µL well−1, 105 mL−1) were seeded into 96-well cell 

culture plate under 100% humidity and were cultured at 37°C 

and 5% CO
2
 for 24 hours; different concentrations of UCNPs-

PANPs (0 µg mL−1, 100 µg mL−1, 200 µg mL−1, 400 µg mL−1, 

600 µg mL−1, and, 800 µg mL−1, diluted in MEM) were then 

added to the wells. Six repeated experiments were performed. 

The cells were subsequently incubated for 4 hours, 24 hours, 

and 48 hours at 37°C under 5% CO
2
.

Thereafter, MTT (10 µL; 5 mg mL−1) was added to each 

well and the plate was incubated for an additional 4 hours 

at 37°C under 5% CO
2
. After the addition of 10% sodium 

dodecyl sulfate (100 µL well−1), the assay plate was allowed 

to stand at room temperature for 12 hours. The optical 

density OD570 value (absorbance) of each well, with back-

ground subtraction at 690 nm, was measured by means of a 

Tecan Infinite M200 monochromator-based multifunction 

microplate reader. Equation 2 was used to calculate the 

inhibition of cell growth:

 
 

Cell

viability (%)

 Mean of value of

 treatment group

absorbance

=
MMean Abs. value of control

×100% (2)

histology and hematology studies
Use of animals in this study was in accordance with the protocol 

as approved by the Institutional Animal Care and Use Commit-

tee (IACUC) according to The NIH Office of Laboratory Ani-

mal Welfare (OLAW) guidelines. Blood samples and tissues 

were harvested from mice (5-week-old) injected intravenously 

with 100 µL of hydrophilic UCNPs-PANPs (2 mg mL−1) and 

from mice receiving no injection for comparison at 0.5 hours, 

24 hours, 7 days, and 30 days post injection.

Blood was collected from the orbital sinus by quickly 

removing the eyeball from the socket with a pair of tissue 

forceps. Five important hepatic indicators (total bilirubin 
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[TBIL], alanine aminotransferase [ALT], aspartate amino-

transferase [AST], total protein [TP], and albumin [ALB]) 

and one indicator for kidney functions (creatinine [CRE]) 

were measured. Blood smears were prepared by placing a 

drop of blood at one end of a slide, and using another slide 

to disperse the blood along the length of the slide. The slide 

was left to air-dry, after which the blood was stained with 

hematoxylin and eosin (H&E). Upon completion of the 

blood collection, mice were sacrificed. For H&E-stained 

tissues, main organs of interest (heart, liver, spleen, lung, 

and kidney) were harvested from mice. The tissues were 

fixed in 10% formalin, dehydrated with ethanol, embedded in 

paraffin, sectioned, and stained with H&E. The histological 

sections were observed under an optical microscope. Three 

repeated experiments were performed for the histology and 

hematology studies.

PTT in vitro
Cells were incubated with UCNP-PANP samples 

(100 µg mL−1) for 4 hours and were washed with phos-

phate-buffered saline (PBS) three times and resupplied with 

fresh MEM. After the treatment, the cells were exposed 

to the 808 nm irradiation (0.5 W cm−2) for 15 minutes. 

Cells were then stained with propidium iodide (staining 

dead cells agent) for 10 minutes after washing with PBS 

solution three times. Fluorescent images were collected at 

600−640 nm upon the irradiation of 532 nm.

Tumor xenografts
U87MG cells were harvested when they reached near 

confluence by incubation with 0.05% trypsin–ethylenedi-

aminetetraacetic acid and were pelleted by centrifugation 

and resuspended in sterile PBS. Cells (~107 cells site−1) in 

200 µL of MEM were then implanted subcutaneously onto 

the back of 4-week-old male NU/NU nude mice. Photother-

mal imaging studies were performed when tumors reached 

0.4–0.6 cm in average diameter.

Photothermal imaging in vivo
In vivo photothermal imaging was performed with an FLIR 

E40 equipment, in conjunction with an 808 nm laser illumi-

nator, which were set up by Zhou et al.30 NU/NU nude mice 

bearing tumor were anesthetized (with 10% chloral hydrate, 

100 µL), and PBS solution of UCNPs-PANPs (50 µL, 

1 mg mL−1) was intratumorally injected into the mouse. After 

irradiation by the laser of 808 nm (0.5 W cm−2), temperature 

signals recorded at different time points (0–5 minutes) were 

analyzed with FLIR tools systems.

PTT in vivo
Test group: PBS solution of UCNPs-PANPs (50 µL, 

1 mg mL−1) was intratumorally injected into the mice which 

were exposed to 808 nm laser (0.5 W cm−2) for 20 minutes 

(UCNPs-PANPs + laser, n=3). Control groups: mice with-

out the injection of UCNPs-PANPs (laser, n=3) or without 

808 nm laser exposure (UCNPs-PANPs, n=3). Blank group: 

mice with no injection of UCNPs-PANPs and without 808 nm 

laser exposure (blank, n=3). After the treatment, the tumor 

sizes were measured by a caliper every day and calculated as 

volume = (tumor length) × (tumor width)2/2. Relative tumor 

volumes were calculated as V/V
0
 (V

0
 is the tumor volume 

when the treatment was initiated). The life spans of the mice 

were tracked until the mice died naturally.

Results
synthesis and characterization of 
UcNPs-PaNPs
First, OA-coated NaLuF

4
 nanoparticles doped with Yb3+, 

Er3+ (UCNPs) were synthesized by a solvothermal method 

using OA as the surface ligand and ODE as a solvent. The 

OA-coated UCNPs were soluble in nonpolar solvents, such 

as cyclohexane. The size and morphology of the OA-coated 

UCNPs were characterized by TEM. As shown in Figure 1, the 

OA-coated UCNPs were almost spherical in shape and they 

measured ~34.6 nm. Furthermore, we characterized the struc-

ture of OA-coated UCNPs by XRD analysis (Figure 2A). The 

XRD results showed that the OA-coated UCNPs comprised a 

pure hexagonal phase and the positions and intensities of all 

the diffraction peaks agreed with data from the standard card 

for β-phase NaLuF
4
 (Joint Committee on Powder Diffraction 

Standards card no 27-0726). No crystalline phase impurities 

were found in the diffraction pattern. Energy dispersive X-ray 

analysis showed that the main elemental components were Na, 

Lu, F, and Yb (Figure 2B). Due to the low content of doping 

Er ion (only 2 mol% Er among the rare-earth elements), the 

peak of the Er ion was generally not discerned. The results 

agreed with the actual components of co-doped NaLuF
4
. 

Selected area electron diffraction and high-resolution TEM 

also demonstrated the highly crystalline nature of the synthe-

sized nanoparticles (Figure 1A and C inset), and the results 

agreed well with the XRD data. The results agreed with the 

actual composition of the co-doped nanoparticles.

To allow the photothermal imaging, the UCNPs were 

then coated with a layer of PANPs. The preparation of the 

polyaniline-coated UCNPs (UCNPs-PANPs) is shown in 

Figure 3. The UCNPs-PANPs obtained were dispersed 

in ethanol. TEM images showed that the UCNPs-PANPs 
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Figure 1 The morphology and size distribution of UcNPs-PaNPs.
Notes: TeM image of UcNPs (A) and UcNPs-PaNPs (B). scale bar: 50 nm. Inset (A): an hr-TeM image of a UcNP. arrows indicate the distance of the lattice. (scale bar: 
5 nm) and inset (B) a UcNP-PaNP. arrows indicates thickness of the shell (scale bar: 30 nm). (C) saeD pattern of UcNPs. (D) The particle size distribution of UcNPs and 
UcNPs-PaNPs. The average size of UcNPs and UcNPs-PaNPs is ~34.6 nm and ~42.3 nm, respectively.
Abbreviations: hr-TeM, high-resolution transmission electron microscopy; saeD, selected area electron diffraction; UcNPs, upconversion nanoparticles; UcNPs-PaNPs, 
polyaniline-coated UcNPs.

Figure 2 (Continued)

θ °
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measured ~42.3 nm and the thickness of the therapeutic 

shell was ~3.85 nm (Figure 1B and D). The absorption 

properties of the UCNPs-PANPs were studied by UV–vis–

NIR spectroscopy (Figure 2C). Compared with the UCNPs, 

we found that the UCNPs-PANPs exhibited a strong NIR 

absorption band (600–900 nm), which was the characteristic 

of the PANPs.

Ucl properties of UcNPs-PaNPs
NaLuF

4
 doped with Yb3+ and Er3+ is predicted to exhibit 

UCL properties. After excitation at 980 nm, we measured 

the emission spectra of the UCNPs-PANPs (1 mg mL−1). 

The characteristic upconversion emission peaks of the 

UCNPs-PANPs in the visible region were located at 520 nm, 

540 nm, and 654 nm, which corresponded to the Er3+ ion 

transitions of 4H
11/2

 → 4I
15/2

, 4S
3/2

 → 4I
15/2

, and 4F
9/2

 → 4I
15/2

, 

respectively (Figure 2D). The green emission at 520–560 nm 

and the red emission at 640–680 nm led to the emission of 

visible yellow light in water (Figure 2D inset). Moreover, the 

intrinsic emission band of UCNPs-PANPs was very narrow 

(full width at half-maximum is 12 nm). These results indicate 

that UCNPs-PANPs can be used as a suitable upconversion 

matrix material for UCL imaging of cancer cells. Based on 

previous reports of similar nanoparticles,31,32 UCNPs-PANPs 

are expected to completely eliminate autofluorescence from 

biotissues during bioimaging, and they can be successfully 

Figure 3 schematic illustration of synthesis of NaluF4:Yb, er (UcNPs), and polyaniline-coated UcNPs (UcNPs-PaNPs) and their applications in Ucl imaging and 
photothermal therapy.
Notes: Upon 980 nm excitation, both UcNPs and UcNPs-PaNPs emitted green and red emissions. Upon 808 nm, UcNPs-PaNPs could convert laser light into heat.
Abbreviations: Ucl, upconversion luminescence; UcNPs, upconversion nanoparticles; UcNPs-PaNPs, polyaniline-coated UcNPs.

Figure 2 The crystalline phase, constituent, absorbance, and upconversion properties of UcNPs-PaNPs.
Notes: XrD (A), the standard pattern of pure hexagonal NaluF4 (JcPDs card no 027-0726) and eDXa (B) pattern of UcNPs. The standard pattern of pure hexagonal 
NaluF4 (JcPDs card no 027-0726). (C) UV–vis–NIr absorbance spectra of UcNPs and UcNPs-PaNPs. Ucl spectrum (D) and photo (D inset) of UcNPs-PaNPs solutions 
under excitation at continuous-wave 980 nm laser.
Abbreviations: Ucl, upconversion luminescence; UcNPs, upconversion nanoparticles; UV–vis–NIr, ultraviolet–visible–near infrared; XrD, X-ray diffraction; UcNPs-
PaNPs, polyaniline-coated UcNPs; JcPDs, Joint committee on Powder Diffraction standards; eDXa, energy dispersive x-ray analysis.
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applied in the bioimaging of various biological samples, 

including living cells and small animals.

Photothermal conversion efficiency of 
UcNPs-PaNPs
After collecting the thermal radiation signal generated by the 

PTT coupling agents, photothermal images were recorded 

using photothermal imaging equipment (Figure 4A). Pho-

tothermal imaging was investigated by monitoring UCNP-

PANP solutions (1 mg mL−1) irradiated by an 808 nm laser 

at various power densities (0.50 W cm−2, 0.85W cm−2, 

and 1.20 W cm−2; Figure 4B). The thermal signals of the 

UCNPs-PANPs increased gradually within 5 minutes and 

the temperature increased from room temperature (30.0°C) 

to 42.0°C at 0.50 W cm−2, 50.0°C at 0.85 W cm−2, and 

60.0°C at 1.20 W cm−2 (Figure 4C). These results indicate 

that the UCNP-PANP samples could absorb and convert 

light into a substantial amount of heat energy. Moreover, 

we measured the photothermal conversion efficiency (η) 

of the UCNPs-PANPs. According to the equations, the 

η value for the UCNPs-PANPs was determined as 47.8% 

(Figure 4D and E), which is quite similar to that of previously 

reported PANPs.30 The photostability of the UCNP-PANP 

solution was also studied using a photothermal imaging 

system. The temperatures of the UCNPs-PANPs remained 

at the same level after five cycles of NIR laser-induced 

heating (808 nm laser at 1.20 W cm−2, 2 minutes laser 

irradiation for each cycle; Figure 4F). The photostability of 

the UCNPs-PANPs was much better than that of Au nano-

rods, for which the absorbance peak decreased under laser 

irradiation after a long period of laser exposure. Our results 

indicate that these UCNPs-PANPs with high photothermal 

conversion efficiency and photostability could be used as a 

photothermal agent.

∆
°

°

Figure 4 (Continued)
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cytotoxicity of UcNPs-PaNPs
For bioapplications, UCNPs-PANPs were further capped 

with F127 according to a previous study.30 Zeta potential 

and hydrodynamic diameter were also measured. The zeta 

potential of the UCNPs-PANPs was ~0 and dynamic light 

scattering measurements showed that the effective hydro-

dynamic diameter of the UCNPs-PANPs was ~120 nm 

(Figure S1). The cytotoxicity of UCNPs-PANPs needs to be 

investigated before their use as a potential PTT agent. Thus, 

the UCNPs-PANPs were delivered over a wide range of 

dosages (0–800 µg mL−1 in our experiment) to cancer cells, 

and their reduced activity in the MTT assay was employed 

to test their cytotoxicity (Figure 5A). Cell viability of 80% 

was observed with the UCNPs-PANPs even at a high-dose 

concentration of 800 µg mL−1 after treatment for 48 hours, 

thereby indicating that the UCNPs-PANPs exhibited rela-

tively low cytotoxicity. Serum biochemistry assays were also 

performed to investigate cytotoxicity, where hepatic and kid-

ney indicators (TBIL, ALT, AST, TP, ALB, and CRE) were 

measured (Figure 5B). The indicators of liver and kidney 

functions were similar to those in the blank groups. For his-

tological studies, mice were injected intravenously with the 

UCNPs-PANPs (100 µL, 2 mg mL−1), and the main organs of 

interest (heart, liver, spleen, lung, and kidney) were harvested 

at 30 days post injection. Mice that received no injection 

were used for comparison (control). H&E staining detected 

no evidence of adverse effects caused by the UCNPs-PANPs 

(Figure 5C). These results suggest that the UCNPs-PANPs 

had no cytotoxic effects on cancer cells and the animal model 

at the dose tested dose in our study.

Photothermal imaging in vivo
Based on their efficient upconversion luminescent pro-

perties, high photothermal conversion efficiency, and low 

cytotoxicity, the UCNPs-PANPs were tested to assess 

their possible use as a PTT coupling agent based on further 

in vitro and in vivo tests. Cells internalized UCNPs-PANPs 

(100 µg mL−1), and they were exposed to an 808 nm laser 

(0.5 W cm−2) for 15 minutes. After various combinations of 

treatments with UCNPs-PANPs and NIR lasers, fluorescent 

staining was used to assess the cells with propidium iodide 

(a dye was used for identifying dead cells in a population). 

After detecting the emissions at 600−640 nm, an intense fluo-

rescent signal was detected from the cancer cells (Figure 6A 

right). Merging of the fluorescent image and bright-field 

image showed that the fluorescence originated from the intra-

cellular region (Figure 6A left). We found that cancer cells 

treated with UCNPs-PANPs and exposed to an NIR laser 

exhibited substantial cellular death, and the cytotoxicity of 

the UCNPs-PANPs against cancer cells was also irradiation 

time dependent (Figure S2). Thus, UCNPs-PANPs may be 

considered as extremely promising candidates for mediating 

the photothermal destruction of tumors in vivo. A PBS solu-

tion of UCNPs-PANPs (50 µL, 1 mg mL−1) was injected intra-

tumorally into nude mice, which were then irradiated by an 

808 nm laser at a power density of 0.5 W cm−2. Photothermal 

imaging was used to record the temperature changes, which 

showed that the surface temperature of the tumor increased 

rapidly from 31.2°C to 45.8°C within 60 seconds (Figure 6B). 

These results indicate that the enhanced temperature of the 

tumor was sufficiently high to kill the cancer cells.

Figure 4 Photothermal conversion properties of UcNPs-PaNPs.
Notes: (A) schematic illustration of the photothermal system. Photothermal images (B) and heating curves (C) of UcNPs-PaNPs (1 mg ml−1) under 808 nm laser irradiation 
at the power density of 0.50 W cm−2, 0.85 W cm−2, and 1.20 W cm−2. (D) heating curves of UcNPs-PaNPs (200 µg ml−1) under 808 nm NIr laser irradiation at the power 
density of 0.80 W cm−2. The NIr laser irradiation was stopped after 5 minutes. (E) linear time data vs −ln θ obtained from the cooling period of (D). (F) Temperature 
variations of UcNPs-PaNPs (200 µg ml−1) under the continuous irradiations of 808 nm laser (1.20 W cm−2) for five cycles.
Abbreviations: NIr, near infrared; UcNPs, upconversion nanoparticles; UcNPs-PaNPs, polyaniline-coated UcNPs.
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PTT in vivo
We also studied UCNPs-PANPs-induced photothermal can-

cer therapy in vivo using four groups of U87MG tumor-bear-

ing mice. In the test group, mice were injected intratumorally 

with a PBS solution of UCNPs-PANPs (50 µL, 1 mg mL−1) 

and exposed to an 808 nm laser (material + laser, n=3). 

For comparison, mice that were not injected with UCNPs-

PANPs (laser, n=3) and not exposed to the 808 nm laser 

(material, n=3) were used as the control groups. The blank 

group comprised mice that received no injection of UCNPs-

PANPs and no exposure to the 808 nm laser (blank, n=3). 

After irradiation at 0.5 W cm−2 for 10 minutes, the tumors 

Figure 5 cytotoxicity of UcNPs-PaNPs.
Notes: (A) In vitro cell viability of cancer cells incubated with UcNPs-PaNPs with different concentrations (0 µg ml−1, 100 µg ml−1, 200 µg ml−1, 400 µg ml−1, 600 µg ml−1, 
and 800 µg ml−1) for 4 hours, 24 hours, and 48 hours at 37°c. (B) serum biochemistry results obtained from mice injected with UcNPs-PaNPs (100 µl, 2 mg ml−1) 30 days 
post injection (material) and mice receiving no injection (control). (C) h&e-stained tissue sections from mice injected with UcNPs-PaNPs 30 days post injection (materials) 
and mice receiving no injection (control). Tissues were harvested from kidney, lung, spleen, liver, and heart. scale bar: 100 µm.
Abbreviations: alB, albumin; alT, alanine aminotransferase; asT, aspartate amino transferase; cre, creatinine; h&e, hematoxylin and eosin; TBIl, total bilirubin; TP, total 
protein; UcNPs, upconversion nanoparticles; UcNPs-PaNPs, polyaniline-coated UcNPs.
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Figure 6 (Continued)
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began to shrink in the test group. On day 6, the tumors were 

eliminated completely, and only black scars remained at 

the original tumor sites. Tumor regrowth was not observed 

from day 6 to day 10. By contrast, the tumors in the control 

and the blank groups exhibited rapid growth throughout the 

10-day period. The relative tumor volume (V/V
0
) was used 

to quantitatively measure the size of the tumor. The V/V
0
 for 

the test group had decreased to ~0 on day 6, and the V/V
0
 

remained at 0 from day 6 to day 10. By contrast, the V/V
0
 

in the control and blank groups increased from 1 to 5 dur-

ing the 10-day treatment period (Figure 6C). These results 

demonstrate that NIR laser irradiation or UCNPs-PANPs 

injection alone did not affect tumor development. The life 

spans of the mice were also recorded after treatment. The 

mice in the test group survived for .1 month without tumor 

regeneration and death. (Figure 6D). However, the mice in 

the control and blank groups were humanely euthanized on 

day 14 when the growing tumors showed signs of affecting 

their normal lives. Our results demonstrate the excellent effi-

cacy of the UCNPs-PANPs for use of in vivo photothermal 

cancer therapy.

Conclusion
In this study, uniform UCNPs measuring ~34.6 nm were 

synthesized by a solvothermal method and further coated 

with a shell of polyaniline (thickness =~3.85 nm). The 

UCNPs-PANPs exhibited several potential advantages: 

efficient UCL (520–560 nm and 640–680 nm), high photo-

thermal conversion efficiency (47.8%), high photostability, 

and low cytotoxicity to living cells and mammals. Finally, 

the UCNPs-PANPs were applied successfully to imaging-

guided PTT in vitro and in vivo. The development of 

UCNPs-PANPs may provide a platform technology for 

the next generation of imaging-guided therapy in tumor-

bearing mice.
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Figure S1 The hydrodynamic diameter distribution of UcNP-PaNPs by Dls 
measurement.
Abbreviations: Dls, dynamic light scattering; UcNPs, upconversion nanoparticles; 
UcNPs-PaNPs, polyaniline-coated UcNPs.

Figure S2 In vitro cell viability of cancer cells after treatment with different 
concentrations of UcNP-PaNPs and different NIr laser irradiation time.
Abbreviations: NIr, near infrared; UcNPs, upconversion nanoparticles; UcNPs-
PaNPs, polyaniline-coated UcNPs.
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