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Photodynamic therapy (PDT) as a noninvasive technique is widely used to treat cancer diseases due to its
low side effects. PDT based on upconversion nanoparticles (UCNPs) improved tissue penetration and
photo-stability. However, traditional photosensitizers and UCNPs were difficult to incorporate, which
limited the circulation of the UCNPs in blood and decreased the PDT effect. Herein, we designed
NaErF,@ZnO UCNPs for potential application in thyroid tumor cell PDT. With ZnO coated on NaErF,, the
blue (415 nm), green (525 nm/545 nm) and red (661 nm) upconversion luminescence enhanced
compared with that of NaErF, core nanoparticles. Particularly, the generation of UV upconversion
emission by NaErF, sensitized ZnO, which catalyzed H,O and O, to produce ROS reactive oxygen
species (ROS) to induce papillary thyroid carcinoma (PTC) cell lines BHP 5-16. With 1000 pg mL™* of
NaErF,@ZnO UCNPs, the viability of BHP 5-16 cells decreased to about 41% as measured by CCK8 assay
with 980 nm NIR irradiation. Moreover, it was confirmed that NaErF,@ZnO UCNPs had low toxicity for
BHP 5-16 cells. All these results indicated that NaErF,@ZnO upconversion nanoparticles were an
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Introduction

Photodynamic therapy (PDT) is a noninvasive treatment tech-
nique, which utilizes photosensitizers to produce reactive
oxygen species (ROS)." ROS include hydroxyl radicals (‘OH),
singlet oxygen ("O,) and hydrogen peroxide (H,0,), which can
cause oxidative damage to cells.** Compared with normal cells,
the ROS levels had an important influence on cancer cells. The
PDT technique can treat cancer and other malignant
diseases.”'® However, the further development of PDT was
limited to photosensitizers. Most of the photosensitizers were
sensitized by ultraviolet (UV) and visible (vis) light, which
decreased tissue penetration of the PDT treatment."”™*°

Rare earth-doped upconversion nanoparticles (UCNPs) had
attracted great interest recently owing to their unique photo-
physical capabilities.***> Upconversion luminescence (UCL)
was anti-Stokes optical process, which can convert near infrared
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excellent platform for PDT treatment.

(NIR) light into UV and vis light.****” The wavelength of NIR light
ranged from 700 nm to 1500 nm, which located in biological
spectroscopy window.?®*** Therefore, UCNPs had great potential
application in PDT treatment due to their high tissue penetra-
tion, low fluorescence background, good photo-stability and
high signal-to-noise ratio.*** However, the tradition PDT
treatment based on UCNPs needed to combine photosensi-
tizers. The photosensitizers loaded on as-synthesized UCNPs,
which limited to the circulation of the UCNPs in blood and
decreased the PDT effect.**** In addition, most of photosensi-
tizers were organic compound and purchases, increasing the
PDT treatment costs and toxicity.

Zinc oxide (ZnO) provided a new way to improve this
problem owing to its high chemical stability, high thermal
stability and low toxicity.***” ZnO nanoparticle as a semi-
conductor had wide band gap about 3.37 eV, which matched
with emission peaks range from 330 nm to 400 nm, and UCNPs
can radiated this wavelength of UV.***® ZnO nanoparticle was
a promising photosensitizer, which can be easily embedded
into UCNPs.

In this work, we synthesized NaErF,@ZnO UCNPs for PDT
application. NaErF, excited UV upconversion luminescence and
sensitized the ZnO to generate the ROS. After ZnO coated on
NaErF,, the intensities of upconversion emission enhanced
compared with that of NaErF, nanoparticles. ROS of
NaErF,@ZnO UCNPs produced with 980 nm NIR light irradia-
tion, and the NIR irradiation increased the deep of tissue

This journal is © The Royal Society of Chemistry 2020
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penetration. The evaluation of cell viability based on CCKS8
assay method had an outstanding effect on photodynamic
therapy for thyroid tumor cells. In addition, the NaErF,@ZnO
UCNPs had low toxicity for BHP 5-16 cells. These results indi-
cated that as-prepared NaErF,@ZnO UCNPs were excellent
platform for PDT treatment.

Result and discussion

Fig. 1 illustrated 980 nm NIR laser-activated, mitochondria-
targeted upconversion NaErF,@ZnO nanoparticles for ampli-
fied photodynamic therapy (PDT). We designed ZnO coated
NaErF, upconversion nanoparticles. NaErF, can be excited the
UV and visible upconversion emission via the excitation at
980 nm NIR light. These UV and visible light from NaErF, can
be used by ZnO. The upconverted UV light triggered the pho-
togenerated electrons in the valence band of the ZnO to the
conduction band, thus resulting in the formation of photoin-
duced electron-hole (e -h") pair, which catalyzed H,O and O,
produce ROS and induced cancer cell apoptosis. The NIR exci-
tation light (980 nm) had high tissue penetration, which leaded
to amplified therapeutic efficacy.

Fig. 2 performed X-ray diffraction patterns (XRD) of the as-
synthesized NaErF, coating ZnO (NaErF,@ZnO) upconversion
nanoparticles. The XRD diffraction peaks of NaErF,@ZnO can
be assigned to two crystalline phases of NaErF, and ZnO. The
majority of o phase of NaErF, and hexagonal phased of ZnO
were presented. Crystal surface (100), (002), (101), (102), (110)
and (103) of samples were mainly attributed to the ZnO. Crystal
surface (111), (200), (220), (311), and (400) of samples were
corresponded to a-NaErF,. These results indicated that NaErF,
and ZnO upconversion nanoparticles compound was obtained.

To further reveal the successful preparation of NaErF,@ZnO
upconversion nanoparticles, transmission electron microscopy
(TEM) images of NaErF, and NaErF,@ZnO was showed in
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Fig. 2 X-ray diffraction patterns of NaErF,@ZnO upconversion
nanoparticles. The diffraction peaks of a.-phase NaErF, and ZnO were
marked by red and blue labels, respectively.

Fig. 3a and b. Without coating ZnO, the NaErF, was
quadrilateral-like nanostructures, and the size of samples was
about 17.1 nm. As illustrated in Fig. 3b and c, the size of
nanoparticles increased to about 42 nm, and the quadrilateral-
like nanostructure remained. High resolution TEM (HTEM)
image (Fig. 3d) of a single nanoparticle taken from Fig. 3c
presented the measured interplanar spacing of 0.28 nm and
0.31 nm, corresponding to the (100) crystal plane to hexagonal
phase ZnO and the (111) crystal plane to a phase NaErF,,
respectively. Scanning Electron Microscopy (SEM) of
NaErF,@ZnO upconversion nanoparticles performed a tetrahe-
dral structure in Fig. 3e. These results suggested that ZnO was
coated on the NaErF, surface, forming NaErF,@ZnO. In addi-
tion, energy dispersive X-ray spectrometer (EDS) mapping taken
from Fig. 3e was analyzed in Fig. 3f. The EDS mapping showed
the presence of Zn, O, Er and F elements, further confirming the

@ UCNPs@ZnO

Fig.1 Schematic illustration of photodynamic therapy mechanism of NaErF,@ZnO upconversion nanoparticles in producing the ROS under the

excitation at 980 nm. ET was the energy transfer process.
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Fig. 3

(a) TEM image of NaErF, upconversion nanoparticles. (b) TEM image of NaErF,@ZnO upconversion nanoparticles. (c) TEM image of

NaErF,@ZnO upconversion single particle. (d) HTEM image taken from single particle in (c) of NaErF,@ZnO. (e) SEM image of NaErF,@ZnO
upconversion single particle. (f) EDS mapping of NaErF,@ZnO upconversion nanoparticles. The brightness of the image represented the

concentration of the element.

preparation of NaErF,@ZnO upconversion nanoparticles. All
these observations verified that ZnO was coated successfully on
the NaErF, particles.

In order to investigate the luminescent properties of as-
prepared NaErF,@ZnO nanoparticles, the upconversion lumi-
nescent spectra of NakErF, and NaErF,@ZnO was compared in
Fig. 4a. It can be seen that the all upconversion emission
intensity was increased by coating ZnO particles. While in
NaErF,@ZnO system, blue, green and red upconversion lumi-
nescence (UCL) of samples can be achieved and UCL intensities
were enhanced by 27, 7 and 10 times compared to that of
NaErF, (Fig. 4b), respectively. As demonstrated, upconversion
spectrum showed emission bands centered at 525 nm (green
UCL), 545 nm (green UCL) and 661 nm (red UCL), which can be
assigned to the *Hyy/, — *Iys5), transition, *S;;, — 5/, transi-
tion and *Fo;, — ‘I35, transition of Er*" ions (Fig. 4c), respec-
tively. In addition, the UCL emission at 350~400 nm was
observed, which can excited the ZnO particle, sensitized reactive
oxygen species generation from oxygen for photodynamic
therapy (PDT). The blue UCL at 415 nm originated from V,>* —
Vzn energy level defect transition of ZnO, indicating ZnO was
sensitized by UV light. This result confirmed that ZnO was
coated on NaErF, in as-prepared upconversion nanoparticles.
Since the production of singlet oxygen was based on 980 nm
excitation NIR light, 980 nm NIR illumination improved the
tissue penetration and enhanced the PDT efficiency. As per-
formed in Fig. 4d, the ROS generation of NaErF,@ZnO upcon-
version nanoparticles under 980 nm NIR light was measured via
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the absorbance of 1,3-diphenyliso-benzofuran (DPBF) at
488 nm. In Fig. 4d, the DPBF absorption intensity of
NaErF,@ZnO upconversion nanoparticles with 980 nm irradi-
ation significantly decreased with increase time from 0 min to
30 min, suggesting that a more efficient ROS generation. In
constant, the DPBF absorption intensity of only 980 nm irra-
diation or NaErF,@ZnO nanoparticles had no obvious
changing, indicating that only NIR light or materials cannot be
produced ROS. This result can further verify that NaErF,@ZnO
upconversion nanoparticles can be sensitized to generate ROS
under 980 nm excitation, which had great potential in the
application of photodynamic therapy.

The NaErF,@ZnO upconversion nanoparticles (UCNPs) had
potential application in PDT due to their high ROS generation
with NIR irradiation. Moreover, bio-toxicity had an important
influence on the development of UCNPs for biological applica-
tions. In order to investigate the cytotoxicity of NaErF,@ZnO
upconversion nanoparticles (UCNPs) in vitro, the toxicity of
NaErF,@ZnO UCNPs without 980 nm NIR irradiation to cells
was measured BHP 5-16 cells with CCK8 method. A CCK8 assay
with BHP 5-16 cells was used to study the cytotoxicity of Yb/Tm/
GZO®@Si0, nanoparticles (Fig. 5a). BHP 5-16 cells viability can
be followed eqn (1).*

A Ay

cell viability(%) = 1 -1 % 100% (1)
c— b

where A, and A;,, were the absorbance of test cells with
NaErF,@ZnO UCNPs and the absorbance of control cells

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) The upconversion luminescent spectra of NaErF, and NaErF,@ZnO upconversion nanoparticles, the inset was the upconversion

luminescent spectra range from 350 nm to 475 nm bands of samples. (b
nanoparticles. (c) Schematic illustration of upconversion energy transfer

) The upconversion luminescent intensities of NaErF, and NaErF,@ZnO
mechanism of NaErF,@ZnO. ET was energy transfer and E was energy.

(d) DPBF absorbance of NaErF;@ZnO without 980 nm irradiation and 980 nm irradiation without NaErF,@ZnO. DPBF absorbance of
NaErF,@ZnO with 980 nm irradiation with increasing of time. A and Ag was DPBF absorption intensity and absorption intensity of control group,

respectively.

without NaErF,@ZnO UCNPs, respectively. A. represented the
absorbance of blank samples containing culture medium
without cells and NaErF,@ZnO UCNPs. As illustrated in Fig. 5a,
the viability of cells was evaluated at three time points (12 h,
24 h and 48 h) after incubating with 400 pg mL™", 600 pg mL ",
800 pg mL~ " and 1000 ug mL~ " NaErF,@ZnO UCNPs. Although
the concentration of NaErF,@ZnO UCNPs was as high as 1000
ug mL " for 48 h, the cell viabilities were greater than 94.88%,
indicating the NaErF,@ZnO UCNPs had a low toxicity to BHP 5-

120

16 cells. These results demonstrated that NaErF,@ZnO UCNPs
had the low cytotoxicity, allowing for NaErF,@ZnO UCNPs as
PDT application. In vitro PDT therapeutic effects of NaErF,@-
ZnO UCNPs were evaluated using the BHP 5-16 cells upon
980 nm NIR irradiation at different concentrations of UCNPs.
BHP 5-16 cells were treated with UCNPs for 12h. BHP 5-16 cells
were irradiated at a 980 nm laser with 0.6 W cm ™2 for 30 min
(the cell radiated at 2 min intervals), and the cell viability was
determined with a CCK8 method. As shown in Fig. 5b, the cell
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(a) CCK8 assay of the BHP-5-16 cells viability after incubating with different changed NaErF,@ZnO UCNPs concentrations ranging from

400 to 1000 ug mL™* for 12 h, 24 h and 48 h. (each group n = 4) (b) CCK8 assay of NaErF,@ZnO UCNPs with different concentrations with and

without 980 nm NIR irradiation (0.6 W cm™2, each group n = 4).
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viabilities of only 980 nm irradiation without NaErF,@ZnO
UCNPs were about 91%, 96%, 89% and 90% at 400 ug mL ™", 600
pug mL™', 800 pg mL ™" and 1000 ug mL~ " concentration of
NaErF,@ZnO UCNPs, respectively. It can be seen that 980 nm
irradiation without NaErF,@ZnO UCNPs had no significant
impact on cell growth. The cell viabilities of only NaErF,@ZnO
UCNPs without 980 nm irradiation were about 98%, 95%, 92%
and 89% at 400 ug mL ™", 600 ug mL ™", 800 ug mL~" and 1000
ug mL ™" concentration of NaErF,@ZnO UCNPs, respectively.
This result confirmed the cell viability did not change too much
for NaErF,@ZnO UCNPs, despite the existence of a high
concentration of 1000 pg mL~'. Apparently, the cell viabilities
were about 60%, 57%, 44% and 41% at increase concentration
of NaErF,@Zn0O UCNPs from 400 pg mL™" to 1000 ug mL " with
NIR 980 nm laser irradiation. With increasing of concentration
of NaErF,@ZnO UCNPs, BHP 5-16 cells viability gradually
decreased under 980 nm excitation. It was worth noting that
only NaErF,@ZnO UCNPs with 980 nm irradiation simulta-
neous existed, the cell survival rate can be significantly
decreased, which further verified that NaErF,@ZnO UCNPs can
generated ROS with 980 nm laser irradiation. This indicated
that NaErF,@ZnO UCNPs had a good PDT effect on BHP 5-16
cells.

To further explore the PDT effect of NaErF,@ZnO UCNPs in
BHP 5-16 cells in vitro, the production of ROS was measured
though DCFH-DA probe. If there was ROS, it would show
obvious fluorescence green images by DCFH-DA probe. Fig. 6a
performed that control group had no markedly green light
image, indicating without ROS expression. As shown in Fig. 6b
and c, the images had no green fluorescence and cell
morphology was intact structure at the 980 nm irradiation
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without NaErF,@ZnO UCNPs group and NaErF,@ZnO UCNPs
without 980 nm irradiation at concentration of 800 ug mL™".
These results indicated that NaErF,@ZnO UCNPs and 980 nm
irradiation had no damage the cell and had no produce ROS.
When concentration of NaErF,@ZnO was 400 pg mL~! with
980 nm irradiation, the image presented green light expression
and BHP 5-16 cells had some damage (Fig. 6d). This suggested
that ROS produced at 400 ug mL ™" of NaErF,@ZnO with 980 nm
irradiation. The brightness of green light enhanced and most of
cells had died with increase NaErF,@ZnO concentration from
600 ug mL " to 800 pg mL ™" with 980 nm irradiation (Fig. 6e
and f), which consistent with ROS level of NaErF,@ZnO UCNPs
increasing with rising of concentrations. It was further indi-
cated that NaErF,@ZnO UCNPs had an excellent application in
photodynamic therapy.

Conclusion

In summary, a novel NaErF,@ZnO UCNPs was synthesized. The
UCL emission of NaErF, was used to sensitize ZnO. The ZnO as
a photosensitizer can produce the ROS. The unique combina-
tion of NaErF, and ZnO UCNPs can be used for PDT of thyroid
cancer cell. ROS generation of NaErF,@ZnO upconversion
nanoparticles with 980 nm NIR light was measured via the
absorbance of DPBF, suggesting sensitization of ROS produc-
tion with NaErF,@ZnO. Meanwhile, the toxicity of BHP 5-16
cells was evaluated by CCK8 assay. The viability of BHP 5-16
cells has no damage at 1000 ug mL ™" of NaErF,@ZnO for 48 h,
indicating this nanoparticle had low toxic for BHP 5-16 cells.
The results of CCK8 assay performed that 60%~41% cell
viability can be obtained for NaErF,@ZnO UCNPs at the

Fig. 6 The production of ROS measured by DCFH-DA probe. (Image scale in a—f: 400 pm) (a) BHP 5-16 cells image of control group, (b) the
980 nm irradiation without NaErF,@ZnO UCNPs group, (c) NakrF,@ZnO UCNPs without 980 nm irradiation group at concentration of 800 pg
mL~2, (d) NaErF,@ZnO UCNPs with 980 nm irradiation group at concentration of 400 pg mL™, (e) NaErF,@ZnO UCNPs with 980 nm irradiation
group at concentration of 600 pg mL™ and (f) NaErF,@ZnO UCNPs with 980 nm irradiation group at concentration of 800 pg mL™2.
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concentration from 400 pg mL ™" to 1000 pg mL " with 30 min
980 nm NIR irradiation. The image based on dihydroethidium
staining presented the highest green light with 800 pg mL ™" of
NaErF,@ZnO compared with that of 400 pg mL™" and 600 pg
mL~', which consistent with the dosage concentrations
required for PDT of papillary thyroid cancer.

Experiment
Synthesis of NaErF, core upconversion nanoparticles

The NaOH of 0.6 g was dissolved in 5 mL deionized water, and
added oleic acid (10 mL) with ultrasound for 20 min.
Er(NO;);-5H,0 (1 mmol), Yb(NOj3);-5H,0 (20 mol%) and NaF (8
mmol) were dissolved while stirring for 2 h at 25 °C. After this
procedure, the resulting solution was transferred to the reaction
kettle (30 mL) and reacted at 140 °C for 12 h. The obtained
NaErF, sample was cooled down to room temperature, and
cleaned by centrifugation with deionized water and ethanol.
The core upconversion nanoparticles were achieved.

Synthesis of NaErF,@ZnO upconversion nanoparticles

As-synthesized NaErF, nanoparticles was dispersed in 30 mL
ethanol and 20 mL deionized water with ultrasonic for 30 min of
water and solution and ultrasonic wave for 30 min. CTAB (0.3
mmol) was added into this suspension with ultrasonic for
10 min. And then ascorbic acid (0.2 mmol), hexamethylenetet-
ramine (1 mmol) and Zn(NOj3), - 6H,0 (1 mmol) were added into
the previous mixture with magnetic stirring for 1 h in room
temperature, and heated up to 85 °C for 10 h. The samples were
cleaned by centrifugation with deionized water and ethanol,
and dried in an oven for 24 h. The obtained samples were
annealed for 2 h at 350 °C in the muffle furnace. The
NaErF,@ZnO core/shell upconversion nanoparticles (UCNPs)
was obtained.

Characterization of the NaErF,@ZnO (UCNPs)

TEM images was obtained with JEM-2100. Elemental analysis
was achieved with an energy-dispersive X-ray (EDX) by TEM. The
X-ray diffraction (XRD) of the NaErF, and NaErF,@ZnO was
collected by a diffractometer with Cu Ko that worked at 40.0 kv
and 30.0 mA. The upconversion fluorescence spectrometer was
measured with 980 nm laser excitation.

Cell culture

The BHP 5-16 cells were cultured RPMI 1640 (Hyclone, China)
supplemented with 10% fetal bovine serum (Gibico, USA) and
1% penicillin-streptomycin (Solarbio, China). Cells were
maintained in a humidified incubator (Thermo Forma, USA)
containing 5% CO, at 37 °C, and all the experiments were
performed in a clean atmosphere.

In vitro cytotoxicity evaluation

A Cell Counting Kit-8 (CCK-8) (Beyotime Institute of Biotech-
nology) was used for the evaluation of cell cytotoxicity. A total of
5000 cells were seeded into 96 well plates, which were cultured
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in AIM medium and treated with different concentrations of
NaErF4@ZnO UCNPs (400 pg mL ™", 600 pg mL ™", 800 ug mL ™,
1000 pg mL ') in a humidified atmosphere at 37 °C with 5%
CO, for 12 h, 24 h and 48 h, respectively. CCK-8 (10 pL) was
added into each well and incubated for 1.5 h at 37 °C. The
absorbance was measured using the iMark Microplate Reader at
a wavelength of 450 nm (BIO-RAD Instruments, USA).

In vitro ROS generation assay

The Reactive Oxygen Species Assay Kit (Beyotime Institute of
Biotechnology) was used for the detection of intracellular ROS.
BHP 5-16 (2 x 107) cells were seeded into 24 well plates, which
were cultured in 1640 medium and treated with different
concentrations of NaErF,@ZnO UCNPs (400 pg mL’l, 600 pg
mL~, 800 pg mL™'). The medium was discarded and added
fresh 1640 medium after 12 h, then the samples were irradiated
at a 980 nm laser with 0.6 W ecm ™2 for 30 min, 500 pL DCFH-DA
reagent was added into each well and incubated for 20 min at
37 °C. The fluorescence images were achieved with a fluores-
cence microscope at a wavelength of 488 nm.
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