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A B S T R A C T

A novel near-infrared (NIR)-induced drug release system has been designed in this paper, based on upconversion
nanoparticles and photosensitive amphiphilic polymers. Y-type photosensitive amphiphilic molecule, which had
an azobenzene moiety in both hydrophobic chains, was synthesized. The resultant product, azobenzene-poly-
ethylene glycol (AZO-PEG), was quite sensitive to ultraviolet (UV) and visible light. The prepared upconversion
nanoparticles of NaYF4:Tm,Yb@NaYF4:Er,Yb (UCNP) were turned out that they could transfer NIR light into UV
and blue light simultaneously. AZO-PEG and UCNP were mixed and self-assembled to an UCNP@AZO-PEG core-
shell assembly. It was found that the assembly, UCNP@AZO-PEG, underwent isomerization upon irradiation
with UV/visible light alternately as well as upconversion upon NIR light irradiation. As a model drug, doxor-
ubicin (DOX) could be loaded into the assembly and released triggered by NIR light and different pH values, and
the possible mechanism involved was discussed. The cell transfection results indicated that UCNP@AZO-PEG
had good biocompatibility. Besides, DOX loaded in UCNP@AZO-PEG showed higher cell toxicity against HeLa
cells.

1. Introduction

The past decades witnessed extensive emergence of nanoparticles as
promising drug carriers for cancer therapy due to the outstanding
permeability and retention effect as well as enhanced delivery

efficiency and restrained side effect [1–4]. Much effort has been made
to establish stimuli-responsive drug release systems, such as tempera-
ture [5,6], pH [7,8], light [9,10], redox [11], and enzyme [12], etc.
Among these stimuli, light has won special attention because of its
versatility, easy manipulation, controllable intensity [13]. A large
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portion of the studied light is short wavelength light (i.e., UV light) due
to its ability to induce disruption of chemical structures, resulting in the
photo-responsiveness of drug release systems [14]. However, there are
some inherent weaknesses of short wavelength light, such as the po-
tential for causing skin cancer and poor tissue penetration. While long
wavelength light (i.e., NIR light), which has less energy, shows less
harmful effect and deeper tissue penetration [15].

NIR light can take place of UV light and achieve photoactive states
through two-photon absorption method [16] and photon upconversion
method [17]. The latter method has been extensively studied based on
upconversion nanoparticles, which can emit short wavelength light
(i.e., UV/visible light) upon irradiation with NIR light (i.e., 980 nm),
with high energy transfer efficiency [18–21]. Besides, similar with
quantum dots and dyes, upconversion nanoparticles can also be surface
modified with amphiphilic molecules [22–24], macromolecules
[25–27] and mesoporous silica [28–30], which offers upconversion
nanoparticles excellent potential for biomedical applications. Suh et al
[31] achieved real-time images of internalized upconversion nano-
particles in a single Hela cell, via coating upconversion nanoparticles
with amphiphilic PEG-phospholipids and internalizing them into HeLa
cells. Lovell et al [32] prepared a porphyrin-phospholipid (PoP)-coated
upconversion nanoparticles incubated with 64Cu. Due to the combined
action of PoP, positron emission tomography (PET) and Cerenkov lu-
minescence (CL) imaging as well as upconversion (UC) and X-ray
computed tomography (CT) imaging, which respectively resulted from
the incubation with 64Cu and the optical property of upconversion
nanoparticles, the resultant multimodal nanoparticles could be used for
fluorescence (FL) and photoacoustic (PA). Shi et al [33] successfully
coated upconversion nanoparticles with mesoporous silica and installed
azobenzene groups (azo) into the mesopores of silica. The azo acted as a
“stirrer” due to its photoisomerization, which was caused by the irra-
diation of UV and visible light emitted by upconversion nanoparticles.
The anticancer drug DOX was loaded in the mesopores and could
achieve controlled release upon the irradiation with NIR instead of UV
light. Not only mesoporous silica, but also macromolecules can be
modified onto upconversion nanoparticles. Zhao et al [34] synthesized
block copolymer, poly(ethylene oxide)-block-poly(4,5-dimethoxy-2-ni-
trobenzyl methacrylate), and mixed with upconversion nanoparticles.
Upon the irradiation with emitted UV light, o-nitrobenzyl groups un-
derwent a photocleavage reaction, resulting in the dissociation of mi-
celles, which led to the release of loaded drugs.

Herein, we demonstrated a novel NIR-induced drug release system
taking advantages of upconversion nanoparticles of NaYF4:Tm,Yb@
NaYF4:Er,Yb (UCNP) and Y-type photosensitive amphiphilic molecules.
New structured DSPE (distearoyl phosphoethanolamine)-PEG-like mo-
lecule (AZO-PEG) with two hydrophobic tails, that each contained an
azobenzene moiety, was synthesized (Scheme 1). Then, AZO-PEG was
coated on the surface of UCNP to obtain core-shell structured hybrid
nanoparticles, which was denoted as UCNP@AZO-PEG. The upcon-
version and photo-isomerization behaviors of UCNP@AZO-PEG were
well investigated. Anticancer drug, DOX, was effectively loaded into
UCNP@AZO-PEG, and the NIR- or pH- induced release behaviors were
explored. Furthermore, the biocompatibility and cell toxicity UCN-
P@AZO-PEG were studied.

2. Materials and methods

2.1. Materials

Unless specified, chemicals were purchased from J&K (China) and
used without further purification. Distearoyl phosphoethanolamine-
polyethylene glycol (DSPE-PEG) was purchased from Shanghai Seebio
Biotech.

The synthesis of Y-type AZO-PEG [35–37] and NaYF4:Tm,Yb@
NaYF4:Er,Yb [38–41] was available in supporting information.

2.2. Photo-isomerization of AZO-PEG in chloroform

The photo-isomerization behavior was investigated by a UV–vis
spectrophotometer (UV-2450, Shimadzu, Japan). The AZO-PEG solu-
tion (0.1 M) in chloroform was irradiated with an Hg lamp
(λ=365 nm, 8W, WFH-204B, He Qi, China) for the trans to cis iso-
merization and an Hg lamp (λ=470 nm, 60W, APV-6024, Hai Zhi
Ling, China) to relax back [42].

2.3. Preparation of water-dispersive UCNP

A NaYF4:Tm,Yb@NaYF4:Er,Yb dispersion in chloroform (1mL,
12mg/mL) and DSPE-PEG or AZO-PEG (25mg) were mixed, and
magnetically stirred at room temperature for 30min. Then, followed by
a vacuum-rotary evaporation to remove the chloroform. Then the ob-
tained membrane and 1mL of ultrapure water were preheated to 80 °C,
respectively. After that the water was added into the flask and stirred at
80 °C for 10min to obtain water-dispersive UCNP, UCNP@DSPE-PEG or
UCNP@AZO-PEG. The dispersion was filtered through a nylon mem-
brane with a diameter of 220 nm to remove large aggregations. The
sample was stored at 4 °C for further use.

2.4. The characterizations of UCNP, UCNP@DSPE-PEG, and
UCNP@AZO-PEG

The dispersion of UCNP, UCNP@DSPE-PEG, or UCNP@AZO-PEG
was diluted to 0.2mg/mL, respectively. The sizes were measured by
Zetasizer Nano ZS (Malvern, Great Britain) at 25 °C. Transmission
electronic microscope (TEM) images were observed using a JEM1400
microscope (Hitachi, Japan), operated at an acceleration voltage of
100 kV. A droplet of the solution was dripped onto a carbon formvar-
coated copper grid and dried at room temperature. The X-ray diffrac-
tion (XRD) measurements of UCNP were conducted using a D8 Focus
diffractometer (Bruker) with Cu Kα radiation (λ=0.15405 nm) [43].

Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet
380 spectrometer (Thermo, USA) at room temperature. The sample
powder were ground with KBr and compacted into pellet. Each spectrum
was scanned over the wavenumbers ranging from 400 to 4000 cm−1.

The luminescence spectra were performed on a fluorescence spec-
trophotometer (F-4500, Hitachi, Japan) equipped with a 980 nm laser
(1.3W, HTOE, China) as an excitation source.

Scheme 1. The structure of AZO-PEG.
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