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Near infrared to ultraviolet (NIR-to-UV) up-conversion nanocomposites, composed of an upconversion nano-
particle (UCNP) core and a transformable polyspiropyran shell, were prepared by distillation precipitation
polymerization and the template method. The polyspiropyran shell can undergo reversible hydrophoblic-
hydrophilic transformations through the switching of UV and visible light and by variation of pH. About 10
wt% of the anticancer drug, doxorubicin (DOX), can be loaded into the drug carrying layer under pH 7.4 by
electrostatic force. The NIR and pH responsive features of the polyspiropyran shell were shown by the dynamic
light scattering (DLS) results, in which the size of nanocomposites (UCNPs@SP-MA/MAA) became larger under
NIR irradiation and pH 4.5. The hydrophobic to hydrophilic surface transformation alters the permittivity of the
polyspiropyran shell and the release behavior. The cumulative release rate of the DOX-loaded UCNPs@SP-MA/
MAA reached 53.8% under pH 4.5 and NIR irradiation. The cytotoxicity of the bare UCNPs@SP-MA/MAA and
the DOX-loaded UCNPs@SP-MA/MAA were evaluated against breast cancer cells and the results confirmed that
the toxicity of UCNPs@SP-MA/MAA nanocomposites was minimal, even at high dosage (100 pg/mL), while the
toxicity of DOX can be triggered by NIR light.

1. Introduction such as azobenzene [14,15], spiropyran [16], diarylethene [17,18] and

stilbene [19,20], have been incorporated with inorganic nanostructures

Application of responsive polymers has become an important
research topic because it is one of the enabling technologies for fabri-
cating controlled drug-release devices that can have stimuli-responsive
properties at a particular time and space [1-4]. In various internal or
external stimuli (pH, photo, thermal, ionization) [5-8], light is more
favorable due to its flexibility in regards to adjustable wavelength and
irradiation time, and its capability as a remote trigger. The idea of
photo-responsive polymers is typically realized by introducing photo-
sensitive moieties into polymers that can have physical or chemical
changes by light irradiation. One of the common designs is diblock
copolymer that contains hydrophilic and hydrophobic groups, con-
necting by photosensitive groups to shift the hydrophilic/hydrophobic
balance [9-13]. Another strategy is photoisomerization. Photo-isomers,
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to confer drug carrying and controlled release abilities. Among them,
spiropyran [16] has its uniqueness in the reversible structural trans-
formations between hydrophobic spiropyran (SP) and hydrophilic
merocyanine (MC), accompanying with ring-opening, under different
external stimuli, such as light, metal ions, pH, redox potential, me-
chanical force and temperature [21,22].

Self-assembly of spiropyranyl polymer is one of the most used
methods to synthesize micelles or nanocarriers. The drug release can be
realized by changing the stability of the micelle and the dissociation
under the irradiation of UV light. Zhao [23] and co-workers developed
several payload-released models and achieved drug release of spi-
ropyran and PLGA20-b-PEO460 by  shifting the hydro-
philic—hydrophobic balance. Wang’s group [24] synthesized a
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light-controlled reversible double-layered spiropyran block copolymer
membrane. Upon UV irradiation, controlled release of 2’-deoxy-5--
fluorouridine (5-dFu) was achieved through the permeable trans-
formation from hydrophobicity to hydrophilicity. Chen’s team [25]
designed a spiropyran-based amphiphilic random copolymer and light-,
pH-, and thermally multi-responsive micellar nanoparticle by the
self-assembly method for biological applications. Kotharangannagari
[26] synthesized a light-responsive micellar constructed of spiropyran
and PLGA20-b-PEO460 block copolymer. After UV exposure, the flow-
erlike micelle was broken in an aqueous solution. However,
low-intensity UV light cannot penetrate into the lesions whereas
high-power UV could be harmful to the human body.

Recently, rare earth doped up-conversion nanoparticles (UCNPs)
have been widely used due to their unique energy level structures, which
can absorb multiple low-energy (long-wavelength) photons (e.g. NIR)
and up-convert the energy to UV and visible light [27-34]. In addition,
an NIR laser (700-1100 nm) can penetrate deeper into human skin
without damaging the tissue [35,36]. UCNPs can serve as the bridge
between the UV-responsive polymer and low-energy NIR light [37,38].
Liu’s group designed a cage structure for grafted spiropyran molecules
on the surface of UCNPs [39]. The particle surface became unstable due
to the change of spiropyran polarity, resulting in drug release under the
NIR stimulation. Chen [40] and co-workers constructed a micelle
through the self-assembly method with the encapsulation of UCNPs and
induced the isomerization of hydrophobic spiropyran (SP) to mer-
ocyanine (MC), which ruptured the spherical structure. Nevertheless, in
vivo stability is also a critical factor for the self-assembly of
UCNP-polymer structures.

Our group has focused on constructing robust monodispersed photo-
responsive nanocomposites [41]. In our previous work, a multi-layered
nanocomposite structure was composed of inorganic UCNP as the core
and a silica layer as the template accompanied by coating with a
transformable spiropyran layer. After the silica layer was dissolved, the
inner layer UCNPs in the yolk could convert the NIR light to UV that can
be absorbed by the spiropyran. The variation of hydrophilicity of the
nanocomposites can be used to control the encapsulation and release of
drugs. Furthermore, pH responsive as an endogenic stimulus, with the
hydrophilic (MC/MCH+)- hydrophobic (SP) changes, would also trigger
the intracellular drug release.

2. Experimental
2.1. Materials and methods

Y203, Yb03, and Tm203 (>99.0%) were from Yuelong New Material
Co., Shanghai, China. Analytical grade oleic acid (OA; 90%, TCI), 1-octa-
decene (ODE; 95%, Aladdin), hydroquinone (>99.0%, Aladdin), sodium
hydroxide (>98%, Aladdin), and ammonium fluoride (NH4F, 98%,
Aladdin) were supplied by Aladdin Reagent Co., Ltd., Shanghai, China.
Acetonitrile, cyclohexane, tetraethyl orthosilicate (TEOS), and ammonia
aqueous (28 wt%) were obtained from Beijing Chemicals Reagents,
China. Deionized water was used in all experiments. YClg, YbCl3, and
TmCl; were synthesized by Y203, YbyO3, and TmyOs, respectively. All
other reagents were analytically grade and used without further
purification.

2.2. Preparation of NaYFy: Yb>"/Tm3" up-conversion nanoparticles

An aqueous solution of YCl3 (0.8 mmol), YbCl; (0.2 mmol), and
TmCls (5 pmol) ions were stirred in a 100 mL flask which was placed on
a heating mantle. Then 7 mL of oleic acid and 15 mL of 1-octadecene
were added and stirred in a nitrogen atmosphere. The flask was slowly
heated to 110 °C and then connected to a vacuum pump to remove extra
water and oxygen. When there was no bubbles in the flask, the tem-
perature was raised to 140 °C and maintained for 50 min. After cooling
down to room temperature, 5 mL of NaOH-methanol (2.5 mmol)
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solution and 8 mL of NH4F-methanol (4.1 mmol) solution were added
into a 15 mL centrifuge tube and ultrasonically mixed for 60 min. The
temperature of flask was then raised to 45 °C for 30 min to start pre-
liminary nucleation, followed by raising the temperature to 70 °C to
evaporate the methanol. When the solution in the flask became yellow
and uniformly stable, it was heated to 300 °C and maintained for 90 min
under nitrogen, then cooling down to room temperature. Finally, the
prepared NaYF,: Yb3*/Tm3* nanoparticles were purified by centrifu-
gation at 12,000 rpm for 30 min and washed several times with ethanol/
cyclohexane and stored in 8 mL chloroform.

2.3. Preparation of NaYFy: Yb>"/Tm>" @NaYF, core—shell UCNPs

Similarly, NaYF4:Yb®"/Tm3* @NaYF, nanoparticles (UCNPs) were
prepared using the Ostwald ripening method as described above. The
prepared NaYF4:Yb®'/Tm3" nanoparticles were placed in a 100 mL
flask, then 1 mmol aqueous solution of YCl3 was added. To remove water
and oxygen, 7 mL of oleic acid and 15 mL of 1-octadecene were added
dropwise followed by heating the flask to 110 °C and keeping itat 110 °C
for 20 min under a nitrogen atmosphere until there were no bubbles in
the bottle. The mixture was heated to 140 °C for 50 min until the so-
lution turned yellow, and was then naturally cooled down to room
temperature. 3.5 mL of NaOH-methanol solution and 2 mL of NH4F-
methanol solution were premixed by ultrasonic treatment at room
temperature. The mixture was then quickly added to the reaction flask
and stirred at room temperature for 1 h. For nucleation, the temperature
was increased to 45 °C for 30 min. After removing the methanol and
chloroform by raising the temperature to 70 C, the reaction solution was
rapidly heated to 300 °C and maintained at 140 °C for 90 min. The
nanoparticles were collected by centrifugation and washed with meth-
anol to remove some residual oleic acid and redispersed in 10 mL of
cyclohexane.

2.4. Synthesis of NaYF4:Yb*t/Tm>* @NaYF,@Si0; nanoparticles

The core-shell NaYF4: Yb%'/Tm®*@NaYF4;@SiO, nanoparticles
were prepared via a reverse microemulsion method by using NaYF4:
Yb3*/Tm3* @NaYF, core-shell particles prepared as above precursors
with CO-520 as surfactant and cyclohexane as solvent. In this method,
1.3 mL of CO-520, 20 mL of cyclohexane and 0.9 mL of 0.1 mol UCNPs
were mixed by ultrasonic treatment for 0.5 h to obtain a uniform sus-
pension. Next, 0.16 mL of NH4F (30 wt%) was added to the mixed so-
lution, and then ultrasonically treated for 30 min. After that, 250 pL of
tetraethyl orthosilicate (TEOS) was added dropwise to the solution, and
the mixture was stirred at 550 rpm for 24 h. To modify the surface of the
microspheres and improve the hydrophilicity of the UCNPs@SiO,
nanoparticle surface, 2.5 mL of methacryloxy propyl trimethoxyl silane
(MPS) was added to the dispersion and stirred at the same rate for a
further 24 h. The obtained UCNPs@SiO» nanoparticles were centrifuged
at 1200 r/min for 45 min, washed four times with 1.5 mL of acetone and
3 mL of ethanol, and then the precipitate was dried in a vacuum.

2.5. Synthesis of 1'-(2-methacryloxyethyl)-3',3'- dimethyl-6-nitrospiro-
(2H-1 bengopyran- 2,2'- indoline) monomer (SP-MA)

The 1 -(2-methacryloxyethyl)-3 ,3 -dimethyl-6-nitrospiro-(2H-1ben-
zopyran-2,2 -indoline) monomer (SP-MA) was synthesized according to
Ref. [42]. The SP-MA was prepared by a dehydration reaction. Specif-
ically, 350 mg of dicyclohexylcarbodiimide (DCC), 80 mL of dichloro-
methane and 1.06 mL of methacrylic acid were added one-by-one to a
100 mL three-necked flask, and the flask was placed in a water bath and
stirred for 10 min under a nitrogen atmosphere. Then, 417 mg (1.19
mmol) spiropyran and a catalytic amount of 4-dimethylaminopyridine
(DMAP) were added to the flask. To ensure a complete reaction, the
solution was stirred in the dark at ambient temperature for two days.
The organic solution was washed with hydrochloric acid (10%),
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Scheme 1. Schematic diagram showing the synthesis of UCNPs@SP-MA/MAA nanocomposites.

followed by saturated NayCOs, and deionized water. Anhydrous mag-
nesium sulphate was added to remove excess water for 24 h. The solvent
was evaporated and the crude material was crystalized from ethyl
acetate.

2.6. Synthesis of UCNPs@SiO2@SP-MA/MAA

UCNPs@SiO,@SP-MA/MAA nanoparticles were prepared by distil-
lation precipitation polymerization. 30 mg of vinylated UCNPs@SiOy
nanospheres was added to a flask containing 160 mL of acetonitrile and
was uniformly dispersed in acetonitrile by sonication for 30 min. This
was followed by the addition of a mixture of SP-MA (0.7905 g), ethyl-
eneglycol dimethacrylate (EGDMA, 78 pL, 25% n (SP-MA)), MAA (10 pL,
15% n (SP-MA)), pre-purified AIBN (0.0226 g, 2 wt% relative to
comonomer) that was added to the flask equipped with a water-oil
separator, condenser, receiver and nitrogen protection. The flask was
immersed in a heating mantle and the reaction mixture was heated from
ambient temperature to 80 °C in 30 min and kept at 80 °C. After 80 mL of
acetonitrile was distilled off from the reaction system within 4 h, the
reaction was terminated by adding a small amount of a polymerization
inhibitor Quinol. The resulting UCNPs@SiO,@SP-MA/MAA nano-
particles were stored after centrifugation four times at 14,000 rpm for
50 min and re-dispersing in ethanol and N,N-Dimethylformamide
(DMF), respectively.

2.7. Synthesis of dual-responsive nanocomposite (UCNPs@SP-MA/
MAA)

To obtain a large drug-loading space, the UCNPs@SiO2@SP-MA/
MAA particles were dispersed in hydrofluoric acid (HF) and ethanol
mixed solution for 48 h to remove the SiOy layer in the UCNPs@-
SiO,@SP-MA/MAA nanospheres. Finally, the UCNPs@SP-MA/MAA was
obtained. The excess HF and SiF4 were expelled from the SP-MA/MAA
nanospheres by centrifugation-redispersion cycles in methanol three
times and dried for preservation.

2.8. Loading of doxorubicin (DOX)

UCNPs@SP-MA/MAA (20 mg) was added to 10 mL of deionized
water (10 mg of DOX), and the solution was stirred at room temperature
in a dark environment for 24 h. The DOX-UCNPs@SP-MA/MAA was
separated from the drug solution by centrifugation at 14,000 rpm.
Precipitates were washed three times with ethanol to completely remove
the free DOX molecules adsorbed on the outer surface. The loading ca-
pacity of DOX on UCNPs@SP-MA/MAA nanocomposites was deter-
mined by fluorescent spectroscopic analysis at a wavelength of 480 nm,
which was calculated by the difference in DOX concentration between
the original DOX solution and the supernatant after loading.

2.9. Photo-triggered release behavior of DOX-UCNPs@SP-MA/MAA

The DOX-UCNPs@SP-MA/MAA nanocomposites (8 mg) were first
dispersed in 1 mL deionized water, and the mixture was then transferred
into the dialysis tubes with a molecular-weight cut off of 8000-14,000.
The dialysis tubes were placed into reservoirs with 4 mL of water under
NIR irradiation. The solution (3 mL) was periodically taken out to
measure the absorption peak of DOX at 480 nm wavelength outside the
dialysis tube, and then the test solution was quickly poured back into the
container.

2.10. pH-triggered release behavior of DOX-UCNPs@SP-MA/MAA

DOX-UCNPs@SP-MA/MAA nanocomposites (8 mg) were dispersed
in 1 mL of deionized water, and the mixture was subsequently trans-
ferred into a dialysis bag with 8000-14,000 kDa molecule weight cut-
off. The dialysis tube was placed into a reservoir with 4 mL aqueous
solutions at pH 4.5 and pH 7.4, respectively. After a certain time, the
solution (3 mL) was taken out to measure the absorption peak intensity
at 480 nm outside the dialysis bag and further calculate the concentra-
tion of DOX released.

2.11. Invitro cell viability assay

Cell viability studies of UCNPs@SP-MA/MAA and DOX-UCNPs@SP-
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Fig. 1. TEM images of (a) NaYF4: Yb>*/Tm3*, and (b) NaYF,: Yb®*/Tm®** @NaYF,,

MA/MAA were conducted using a standard 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) assay. MCF-7 was selected
as the experimental cell line. MCF-7 cells with a density of 1 x 10%/mL
cells were sequentially added to the 96-well plate. To achieve better
adherence, the 96-well plate was cultured in a dark environment con-
taining 5% CO3 (37 °C) for 24 h. After that, different materials were
configured to different concentrations in the culture medium.
First Group: UCNPs@SP-MA/MAA.

Concentration of nanoparticles (pg/ Duration NIR irradiation
mL) (Hour) (Minute)

6.25, 12.5, 25, 50 and 100 24 0

6.25, 12.5, 25, 50 and 100 24 7

Second Group: DOX-UCNPs@SP-MA/MAA.

Sample Concentration of DOX Duration NIR irradiation
(pg/mL) (Hour) (Minute)
DOX-UCNPs@SP- 0.1,1,2.5,5and 10 24 0
MA/MAA 0.1,1, 2.5,5and 10 24 7

A 0.5 W NIR was used as the light source. MCF-7 cells were placed in
a dark environment for 24 h 20 pL of 5 mg/mL MTT solution was then
added to each well of a 96-well plate and incubated for 4 h. To avoid the
effect of the drug absorption spectrum, to each well, 100 pL of PBS was
added to detect the effects of the remaining drug and the particles in
solution. Then 150 pL of DMSO was added to each well and shaken at
150 rpm for 15 min. Finally, a microplate reader was used to measure
the absorption intensity of the 490 nm wavelength to determine the cell
viability in the counting plate.

2.12. Characterization

The size of the nanoparticles was characterized by transmission
electron microscopy (TEM) using a Tecnai G20 (FEI Co.) microscope at
an acceleration voltage of 200 kV. The emission spectra of the UCNPs
were recorded by an Edinburgh FLS980 fluorescence spectrophotometer
equipped with a near-infrared (NIR) laser (980 nm, Hi-Tech Optoelec-
tronics Co., Ltd, China) as the excitation source. The absorption spectra
were measured by a UV-Vis Spectrophotometer (Hitachi U-3900). The
crystal form and type of the core-shell particles were characterized by
XRD (a Bruker D8 Advance X-ray powder diffractometer), and the cell
survival rate was measured by Microplate reader (ELx800, BioTek,
USA).

3. Results and discussion
3.1. Preparation of UCNPs@SP-MA/MAA

Scheme 1 shows the synthetic route of monodispersed UCNP@SP-
MA/MAA nanocomposites. The monodispersed NaYF4Yb®™/Tm®*
nanoparticles were firstly prepared by solvothermal synthesis with a
spherical particle size range of 23-26 nm, as shown in the TEM images in
Fig. 1a. NaYF,:Yb®"/Tm3" was further synthesized into NaYF,:Yb3*/
Tm3* @NaYF, to improve the particle luminescence stability, as shown
in Figure S1. The ellipsoid shape of NaYF4Yb%"/Tm®* @NaYF4 showed
a good dispersion with particle sizes of about 42-44 nm (Fig. 1b). In this
study, Na+, F- ions (by adding NaOH and NH4F) were introduced to the
reaction system to control the rate of reaction to form amorphous NaYF4
precipitation and the particle size. The original amorphous NaYF4

o 0

SU8010 10.0kV 8.6mm x80.0k SE(U) 500nm

Fig. 2. TEM images of (a) NaYF4: Yb%>*/Tm>* @NaYF,@SiO,. (b) SEM images of NaYF,: Yb3*/Tm>* @NaYF,@SiO,,
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AN

Fig. 3. Schematic diagram of the spiropyran isomerization process under UV
and visible light.

precipitates could be crystallized on the surface of the pre-crystallized
NaYF4: Yb**/Tm3" nanoparticles through the solvothermal method.
The crystalline structure of the nanoparticles was determined by the
XRD technique, as shown in Figure S2. Yb>* acted as a sensitizer to
enhance the luminescence efficiency of the up-conversion process. Tm>*
acted as an activator due to the strong absorption at 980 nm and its outer
electron transition caused upconverting fluorescence which could be
used for biological imaging. In Fig. 1a and b, the UCNPs exhibit good
dispersibility in an organic solvent by the oleic acid ligand on the
surface.

A non-toxic and hydrophilic silica layer can enhance the chemical
and light/heat stability and act as a mediator for further spiropyranyl
shell coating. A uniform 5-6 nm silica shell was formed on the surface of
the nanoparticles by TEOS hydrolysis (Fig. 2a and b). 3-(Trimethox-
ysilyl) propyl methacrylate (kh-570), as the coupling agent, was intro-
duced to achieve a highly active double bond group on the surface of the
particles. The silica shell was used to coat the organic layer and provide
a certain physical space for the drug loading in the follow-up study.

To functionalize the UCNPs@SiO; particles and further achieve
controlled-release of drugs, spiropyran was introduced to modify the
UCNPs@SiO;, particles. From the schematic diagram of the spiropyran
isomerization process shown in Fig. 3, the sulfonium ring and the
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benzospiropyrene in the spiropyran molecule are connected by a snail
carbon atom, and the two rings are orthogonal in three-dimensional
space. The closed-loop spiropyran molecules are stimulated by UV
light (. = 365 nm)/pH to change the structure. With the snail carbon
atom changing from sp3 to sp2 structure, the C-O bond breaks and the
conformation and electron arrangement of the molecule change, form-
ing a conjugated planar structure. The dipole moment of SP is in the
range of B 4-6 D, which drastically changes to B 14-18 D for the MC,
leading to a strong absorption peak appearing at 500-600 nm in
Figure S3.

The UCNPs@SiO,@SP-MA/MAA was synthesized through distilla-
tion precipitation polymerization with UCNPs@SiO, particles as the
matrix, MAA and SP-MA as the monomer, and EGDMA as the cross-
linker. Figure S4 shows the FTIR spectra of the monomer SP-OH and
modified monomer SP-MA. The FTIR spectra of the OA-UCNPs,
UCNPs@SiO2, UCNPs@SiO2@SP-MA/MAA, and UCNPs@SP-MA/MAA
are shown in Figure S5. According to Fig. 4a, the optimal thickness of
the poly SP-MA/MAA layer was about 8 + 0.5 nm with the mole ratio of
SP-MA:MAA being kept at 1:0.3. Then, the silica layer was etched by HF
to obtain the yolk-shell UCNPs@SP-MA/MAA nanocomposites shown in
Fig. 4b. The size of UCNPs@SP-MA/MAA nanocomposites was about 60
4+ 0.5 nm. The EDS data of UCNPs@SiO,@SP-MA/MAA and
UCNPs@SP-MA/MAA demonstrated that the SiOy layer vanished, as
shown in Figure S6.

3.2. pH responsive behavior of the nanocomposites

The size changes of the UCNPs@SP-MA/MAA nanocomposites were
also studied in different acid-based environments through DLS. In
Fig. 5a, with a stable closed-loop structure (SP) at pH 7.4, transforming
to an open-loop structure (MCH+) at pH 4.5, the nanocomposites are
swollen from 78 nm at pH 7.4-92 nm at pH 4.5. The increase of the

Fig. 4. TEM image of (a) UCNPs@SiO,@SP-MA/MAA nanoparticles and (b) UCNPs@SP-MA/MAA nanocomposites.
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Fig. 5. DLS measurements of particle size variation (a) at each synthetic process and (b) under different pH.
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Fig. 7. The absorbance change of released DOX from DOX-UCNPs@SP-MA/MAA under different pH (a) pH 4.5 and (b) pH 7.4, (c) Cumulative release of DOX from
UCNPs@SP-MA/MAA nanocomposites as a function of time under pH 4.5 (black line) and pH 7.4 (red line). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

dipole moment was caused by the SP protonation process and the for-
mation of its open-loop structure. At low pH, the SP-type of spiropyran
ring was converted into an open-loop MCH + structure, causing elec-
trostatic interaction of the protonated isomer. After deprotonation by
washing with buffer solution, the MCH + restored the SP structure, and
the particle size returned to 80 nm as illustrated by the red line in
Fig. 5b.

3.3. Loading DOX into UCNPs@SP-MA/MAA

DOX as the target drug was used to explore the drug loading and
release behavior of the UCNPs@SP-MA/MAA nanoparticles. Fig. 6a and
b shows the loading of 1 mg particles at different pH values (4.5, 7.4) ata
concentration of 3 mL 0.05 mg/mL DOX solution. With the solution pH
value increase, the drug loading efficiency was improved. At pH 4.5,
spiropyran existed as MCH + excluding DOX (+2.2 mV), and the pro-
tonated NH; in DOX also had difficulty in forming hydrogen bonds.
Moreover, a swollen shell with decreased shell density is not favorable
for drug encapsulation. These three factors (weak hydrogen bonding,
electrostatic repulsion, decreased shell density) would result in a
decreased drug loading at pH 4.5 (in Fig. 6a). At pH 7.4, the spiropyran
existed as SP, which has no repulsive force with DOX anymore. Under
neutral conditions, the -NH,- in DOX could exert a positive effect on the
hydrogen bonding interactions with spiropyran. Multiple hydrogen
bonding (-NHy—, —-OH) interaction between them is favorable for drug
loading. In Fig. 6b, the amount of drug absorbed reaches 10 wt% when
20 mg of UCNPs@SP-MA/MAA is dispersed in 10 mL (1 mg/mL) DOX
solution. Fluorescence microscopy images of 40 mg UCNPs@SP-MA/
MAA nanocomposites loaded with DOX are shown in Figure S7.

3.4. pH-controlled release behavior of DOX-UCNPs@SP-MA/MAA
nanocomposites

Fig. 7 shows the drug controlled-release of UCNPs@SP-MA/MAA
nanocomposites at different pH values. At pH 4.5, the SP-type of spi-
ropyran ring was converted into an open-loop MCH + structure. Elec-
trostatic repulsion between the spiropyran (protonated MCH+) caused
the size of UCNPs@SP-MA/MAA nanocomposites to decrease with the
shell layer density. Furthermore, the spiropyran (protonated MCH+)
had a repulsion effect with DOX (Zeta potential: +2.2 mV). Moreover,
under pH 4.5, protonated -NH>" in DOX did not exert a positive effect on
the hydrogen bonding interactions with the nanocomposites. These
three factors (weak hydrogen bonding, electrostatic repulsion,
decreased shell density) resulted in 31.7% of release in 300 min at pH
4.5. As shown in Fig. 4b, while at pH 7.4, there was only 3.9% DOX
released in 300 min. In the other words, 96.1% DOX was stably
encapsulated in the nanocomposites.

It is known that cancer tissue lysosomes have a lower pH (pH
4.5-5.0) than physiological pH 7.4 [30]. Our UCNPs@SP-MA has stable
encapsulation behavior at a physiological pH 7.4 and responsive release
behavior in cancer tissue lysosomes, which is very important for the cure
of tumors. The fluorescence microscopy images show that DOX was
released outside the dialysis bag, as shown in Figure S8. Fluorescence
only existed in DOX-UCNPs@SP-MA/MAA before release, and fluores-
cence outside the dialysis bag gradually increased after 24 h.

3.5. NIR responsive property and controlled release behavior of DOX-
UCNPs@SP-MA/MAA nanocomposites

The UCL mechanism of NaYF4:Yb®"/Tm>" is shown in Figure S9. The
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of UCNPs@SP-MA/MAA nanocomposites before and after NIR irradiation.

UV to visible emission bands of the UCL spectrum of the Yb®*/Tm3*
transition include ~365 nm (1D2-3H6), ~450 nm (1D2-3H4) and ~475
nm (1G4-3H6) in Fig. 8a and b, of which a large part of the emission can
be absorbed by the spiropyran group. The simultaneous emission of the
core-UCNPs structure in the multilayer structure, both ultraviolet and
visible, could achieve reversible photoisomerization of the spiropyran in
the shell network.

Fig. 8c and d shows the UV-Vis absorption spectra of UCNPs@-
SiO2,@SP-MA/MAA under NIR irradiation and visible light. From the
UV-Vis absorption spectrum of UCNPs@SiO2@SP-MA/MAA, it can be
observed that the absorption peak of MC at A = 523 nm gradually in-
creases under NIR irradiation. After 60-min irradiation, the absorption
of the particles reached a stable level with the color change to light-red.

The spiryoran shell stimulated by the NIR light can realize the trans-
formation from SP to MC, as shown in Fig. 8, where the absorption peak
gradually decreases and vanishes at 120 min with the color being
restored colorless. In contrast, the UCNPs@SiO, has no obvious ab-
sorption peak at A = 400-600 nm, as shown in Figure S10. When the SP
is converted to the MC isomer, the molecular dipole moment changes
from 4.3 D to 17.7 D [16]. With the SP isomer converting to the MC
isomer, the dipole moment of the molecule changes, resulting in the
hydrophobic shell changing to a hydrophilic shell, which was also
confirmed by the water contact angles of UCNPs@SP-MA/MAA in
Figure S11. The existence of the hydrophobic shell can protect the drug
molecules from the external hydrophilic environment and provide a
certain barrier function. After NIR irradiation, the hydrophilic polymer
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Fig. 11. Linear regression analysis using the Baker—Lonsdale model of the
profile of DOX release from UCNPs@SP-MA/MAA nanocomposites as a function
of time under different conditions.

shell can achieve selective penetration of hydrophilic drugs, which is
beneficial for drug release.

In Fig. 9a, the average particle size of UCNPs@SiO>@SP-MA/MAA
nanocomposites in dark conditions was 105 nm, while the particle size
increased to 120 nm after 30 min of NIR irradiation. The particle size
returned to 108 nm after continuous exposure to visible light for 60 min.
To further verify the change process of the particle size response of
UCNPs@SP-MA/MAA under different light conditions, UCNPs@-
SiO,@SP-MA/MAA was etched to obtain UCNPs@SP-MA/MAA nano-
composites. The size of UCNPs@SP-MA/MAA nanocapsulte decreased
from 105 nm to 78 nm, shrinking after HF etching. Under NIR irradia-
tion for 10 min, the size of UCNPs@SP-MA/MAA nanocomposites
changed from 78 nm to 99 nm, in which hydrophobic SP was trans-
formed to hydrophilic MC leading to the polymeric layer swelling, as
shown in Fig. 5b.

Fig. 10 shows the release curves of the combined effect of NIR light
and pH 4.5. On the one hand, the SP isomer transformed to MC isomer
by NIR irradiation with increased shell size, and on the other hand,
spiropyran directly changed from SP to protonated MCH + type under
acidic conditions. The increased shell size and the electrostatic repulsion
between the drugs and polymers enhanced the DOX release from the
DOX-UCNPs@SP-MA/MAA nanocomposites. Under the continuous
synergy of pH and NIR light reaction, the cumulative release of the drug
reached a maximum value of about 53.8% after 110 min, as shown in
Fig. 10b.

Various models have been used to describe the release of drugs from
different matrices. In our work, the commonly used Baker—Lonsdale
model for spherical matrix was applied to quantify the release of DOX-
UCNPs@SP-MA/MAA nanocomposites under different conditions
[43-45], as described below.

30, (M _ M _3DC

- (-30)]-2 -

where Mt and M,, represent the amount of DOX at time t and t = ,
respectively; the ratio of Mt/M,, is the cumulative release of DOX; D is
the diffusion coefficient of the DOX from the system; ry is the radius of
the nanoparticles; Cs is the solubility of the DOX in the system, and Cp is
the original concentration of DOX. The results shown in Fig. 11 indicate
that the Baker—Lonsdale model fits for the release profile of DOX under
different pHs and NIR illuminations, with the release rate constants
(3DCs/r3Co) and the correlation coefficients R% 5.82 x 10 and 0.95
(pH 4.5), 1.07 x 10 %and 0.96 (pH 7.4, visible light) 5.26 x 10~* and
0.96 (pH: 4.5, NIR light), under independent NIR light and pH controlled
release. In the DOX-UCNPs@SP-MA/MAA nanocomposite system, Cy is
equal to Cg, and the diffusion factor D under NIR irradiation and pH 4.5
is one order of magnitude greater than the diffusion factor D under pH
4.5, indicating that the largest release rate can be realized under the
synergistic effect of NIR and the acidic condition.

The introduction of NIR light further enhanced the drug release ef-
fect, and the particle release amount further increased to 53.8% within
110 min under NIR light irradiation and pH = 4.5. There are similar
reports about the largest release amount under a combination of light
illumination and acidic conditions. Chen and co-workers [40] reported
self-assembled nanoparticles constructed of spiropyran-based amphi-
philic copolymer with light, pH, and thermo-responsive behavior. The
largest drug release amount was achieved under the combination of the
UV light stimulation and acidic conditions due to the hydrophilicity
further increasing. Wang’s group [2] fabricated UCNPs@polymer
nanocomposites through the self-assembly of the amphiphilic photo-
responsive polymers and the encapsulation of the UCNPs in the core of
the self-assemblies, and demonstrated a controlled release triggered by
the near-infrared light and pH 5.0. Our work here has successfully
demonstrated a core-shell structured drug delivery system with pH and
NIR responsive characteristics, which has the ability of intracellular
pH-response release and exogenous NIR modulated release.

3.6. Cytotoxicity studies of UCNPs@SP-MA/MAA, DOX-UCNPs@SP-
MA/MAA with and without NIR

Investigation of particle cytotoxicity is essential to biological
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applications. In this study, the cell viability of UCNPs@SP-MA/MAA and
DOX-UCNPs@SP-MA/MAA was investigated. Fig. 12a shows that
different concentrations of the unloaded drug UCNPs@SP-MA/MAA
particles with MCF-7 cell survival under two different light conditions:
(1) dark conditions (red line) and (2) NIR irradiation (black line). It had
no obvious effect on cell viability under low power (0.5 W laser) 980 nm
NIR irradiation. This result indicates that both the UCNPs@SP-MA/MAA
particles and NIR light have no obvious cytotoxicity. Fig. 12b shows the
MCF-7 cell viability under pure DOX (blue line), DOX-loaded
UCNPs@SP-MA/MAA particles (black line), and DOX-loaded
UCNPs@SP-MA/MAA particles with NIR irradiation (red line). For the
cancer cells in presence of pure DOX, it can be found that MCF-7 cells
apparently died and the cell survival rate was 71% =+ 2% when the
concentration of DOX increased to 5 pg/mL. When DOX-loaded
UCNPs@SP-MA/MAA particles were cultured with MCF-7 cells
(without NIR irradiation) for 24 h, the cell survival rate was higher than
the DOX, indicating no significant deaths when the concentration of
DOX-loaded UCNPs@SP-MA/MAA particles was 1 pg/mL. When the
DOX concentrations in the drug-loaded particles were 1 pg/mL and 10
pg/mL, the cell viabilities were 86.5% and 65.0% respectively. With the
increase in concentration of DOX-loaded nanoparticles, cell viability
decreased [46-48].

DOX-UCNPs@SP-MA/MAA nanocomposites were cultured with
MCEF-7 cells for 24 h under NIR irradiation, as shown in Fig. 12b. The
survival rates of the cells were only 58% and 42% when the DOX con-
centration in the drug-loaded particles were 5 pg/mL and 10 pg/mL,
respectively. Compared with the non-irradiated group, the significantly
reduced cell survival rate indicated that the DOX-UCNPs@SP-MA/MAA
nanocomposites under NIR illumination are more effective in killing
cells by promoting the release of DOX from DOX-loaded nanoparticles to
the cells, which is consistent with the release situation in vitro. This work
successfully demonstrates a drug delivery system with pH- and NIR
controlled encapsulation and release properties, which has enormous
potential for improving drug efficacy and preventing undesirable side
effects in normal tissues.

4. Conclusions

In this work, UCNP achieved surface modification and multilayer
structure design by the distillation precipitation polymerization and
template method. Upon NIR light irradiation, the up-conversion fluo-
rescence induced the spiropyran to be isomerized to the merocyanine,
which caused the polymer layer to be transformed from hydrophobic to
hydrophilic, with particle sizes changing from 78 nm to 99 nm. At pH
4.5, the hydrophobic spiropyran could be also protonated to hydrophilic
merocyanine and the polymer shell was swollen from 78 nm to 92 nm.
At pH 7.4, spiropyran exists as SP, and the amount of drug loading
reached 10 wt%. The cumulative drug release of DOX-UCNPs@SP-MA/

MAA reached 53.8% under pH 4.5/NIR light irradiation. In addition, the
cytotoxicity of the nanocomposites loaded with anticancer drug DOX on
MCF-7 cancer cells indicated that the loaded drugs could kill the cells
effectively and the efficiency could be enhanced significantly with NIR
light irradiation. The weakly acidic environment of the cancer cells and
NIR light stimulated the drug release from the nanocomposites, effec-
tively killing breast cancer cells. The particles achieved a better pH/NIR
response in releasing DOX, thus provided a new pathway for the treat-
ment of cancer.
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