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Using a facile hydrothermal procedure, hydrophilic NaYF,: Yb®>* /Er®* nanoparticles (NPs) have been prepared
as lanthanide-doped upconversion (UC) materials exhibiting different morphologies, crystal phases and lumi-
nescence intensity. The upconversion nanoparticles (UCNP) were characterized by means of electron microscopy
and spectroscopy, X-ray diffraction (XRD) and photoluminescence analysis. The molar concentration of reactants
and volumes of NaF affect the shapes and uniformity of the synthesized NPs. These parameters also have in-

fluence on crystal phase and luminescence intensity of the NPs. Adjusting hydrothermal reaction time and do-
pant concentration also enable the synthesis of NPs with strong UC luminescence. The as-prepared UCNP showed
cellular nontoxicity to HeLa cells, and thus they are capable as promising agents for biological imaging.

1. Introduction

Upconversion (UC) utilizes non-linear process that converts low-
energy excitation photons (e.g., near-infrared, NIR) into higher-energy
photons (e.g. ultraviolet and visible) [1]. Trivalent lanthanide ion
(Ln3+)-doped upconversion nanoparticles (UCNP) draw increasing at-
tention as emerging imaging agents because of their excellent appli-
cation in diagnostics, therapeutics, detection and evaluation of ha-
zardous materials, and biomolecules [2-5]. UCNP confer their several
unique properties that make them appropriate for use in multiple fields
such as low autofluorescence background, deeper tissue-penetration
and negligible photodamage, high resistance to photoblinking and
photobleaching [6]. Among the reported host materials of Ln®*-com-
pounds, NaYF, crystals exhibit the highest UC luminescence efficiency
due to the minimization of multiphonon-assisted relaxation in the
emitting states [7,8]. Among the investigated Ln>*-dopants, Yb®*/
Er’t, YB3t /Tm3", and Yb®* /Ho®* known to have the maximum UC
luminescence efficacy up to date when excited at 980 nm. The excita-
tion energy of the Yb®* excited state (?Fs,5) is very close to that of the
neighbouring ion Er®* excited state (1), allowing the efficient en-
ergy transfer [1,8].

In the recent years, Ostwald-ripening, thermolysis, and hydro-
thermal strategies are the general approaches for the synthesis of Ln>"* -
doped UCNP [9,10]. However, the largest challenge in synthesis of
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UCNP is the variation in the UC luminescence efficiency of the resulting
particles. The UC luminescence efficiency of the as-prepared UCNP can
fluctuate from batch to batch. To obtain the efficient UCNP, several
reports have been published to get the rational conditions for synthesis
of particles with high crystalline phase exhibiting high UC intensity by
tuning the concentration of dopants and reactants, dopant ions, fluoride
sources and reaction time and temperature [11-17]. These are critical
parameters to precisely control the size and shape of nanoparticles
(NPs), which affect luminescence properties of the NPs. The fine se-
lection and tuning of experimental conditions would have a limit due to
the undesired relaxation processes and absorb the enough excitation
light, enabling enhancement of the UC intensity [18,19]. Therefore, the
development of a facile procedure for controllable UCNP synthesis is of
great interest and challenge to improve UC emission intensity for their
application in biomedical related field.

Here, we synthesized UCNP using a facile hydrothermal treatment
where NaYF, selected as a host material, and Yb®>*/Er®* as dopants.
This treatment lead to the formation of hydrophilic UCNP at relatively
low temperatures as compared to previously described methods which
required an extensive experimental setup [1]. We examined the effect
of concentration of sodium fluoride as fluoride source and reactants
(Ln®* -nitrates) on size and shape of UCNP. As well as the concentra-
tions of dopants and reaction time were also adjusted to achieve tun-
able size and to improve UCNP hexagonal phase with enhanced visible
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luminescence intensity under 980-nm diode laser excitation. The as-
prepared UCNP were further utilized for cytotoxicity studies and cell
imaging analysis. This strategy is environmental benign, convenient
and very useful to produce the water-soluble NPs at low temperature
without yielding toxic byproducts.

2. Experimental
2.1. Reagents

All lanthanide nitrate hydrates Ln(NOs)syH,O (Ln: Y3*, Yb3™,
Er®t, purity = 99.9%) and sodium fluoride (NaF) were purchased from
Sigma-Aldrich (St Louis, MO, USA). Sodium citrate was obtained from
APS Biotech (Seoul, Korea). Ethyl alcohol was purchased from Emsure
(Billerica, MA, USA) and nitric acid (60.0%) was provided by Samchun
(Seoul, Korea). Cetyltrimethylammonium bromide (CTAB) was sup-
plied by Daejung (Seoul, Korea). The obtained reagents were of ana-
lytical grade and deionized (DI) water (Direct-Q® Water Purification
System, Millipore, Billerica, MA, USA) used for solution preparation.

2.2. General method for the synthesis of UCNP

The UCNP, NaYF,: Yb®*/Er®*, were synthesized by a facile hy-
drothermal strategy with modifications [20], using Ln(NO5)5yH,0, and
NaF as precursors, CTAB for its morphology control and chelating
ability, sodium citrate as a complexing agent, and DI water, and ethanol
as solvents. In the typical procedure, NaYF, particles doped with x%
Yb3* and x% Er®* were synthesized by mixing xM Ln(NO3)5yH,0 (Ln:
Y3+, vb3*, Er®*) with 0.1 M sodium citrate under vigorous stirring for
30 min at room temperature to form white citrate complex. Next, DI
water, ethanol and 150 mg CTAB were added to the solution with
magnetic stirring. Shortly thereafter, xM NaF was added dropwise and
the resultant solution was maintained with strong stirring for 2h at
room temperature to form crystal nuclei. Then, 1.5 mL of nitric acid was
added in the solution. The mixture solution was transferred to the
23 mL Teflon-lined autoclave and heated at 190 °C under different re-
action times. The resulting nanoparticles were collected by cen-
trifugation at 3172 x g for 20 min, washed with ethanol and DI water
(1:1, v/v) and dried at 60 °C in hot air oven.

In the realization of uniform and efficient synthesis of NPs, first we
did a series of control experiments by using different molar proportions
of precursors as ascribed in Table S1. Based on the findings from control
experiments, we next synthesized the UCNP with different dopant
concentrations and under different reaction times to obtain hexagonal
structure, highly luminescent and uniform NPs (Table S2).

2.3. MTT assay and HeLa cell fluorescence imaging

HelLa cells were purchased from American Type Culture Collection
(ATCC) and cultured in Dulbecco's Modified Eagle's medium (DMEM)
containing 10% fetal bovine serum (FBS) and 1% antibiotics at 37 °C
under a humidified atmosphere of 95% air and 5.0% CO,. For cyto-
toxicity study, HeLa cells were seeded with 4 x 10> cells per well onto a
96-well plate and incubated for 24 h. After that, cells culture media was
replaced with different concentration of optimized UCNP (NaYF4:20%
Yb3*/3%Er® ") ranging from 1 to 1000 pg/mL. The experiment was
conducted in triplicate. After incubation for another 24 h at 37 °C under
a humidified atmosphere of 5.0% CO,, 150 uL. MTT reagent (1 mg/mL)
was added in each well and cells were incubated for 4h at similar
conditions described above. The color development was recorded on a
UV/Vis multi-mode microplate reader (BioTek Synergy H1, Winooski,
VT, USA) at 540-nm detection wavelength.

For cell imaging, HeLa cells were cultured in a cover glass-bottom
dish (confocal dish; SPL, Pocheon, Korea) and incubated in a humidi-
fied atmosphere of 5.0% CO, at 37 °C for 24 h. Afterwards, cells were
washed with phosphate-buffered saline (PBS, pH 7.4) and then 3 mL of
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DMEM containing 100 pug of UCNP were added to the cell culture plates
and incubated for 4h at 37 °C in 5.0% CO, atmosphere. After incuba-
tion, cells were washed three times with PBS to remove unbound cells
and particles. Fluorescence imaging of cells was performed using mi-
croscope, JuLl Stage (NanoEntek, Seoul, Korea) under 980-nm laser
excitation.

2.4. Materials characterization

The size and surface morphology of the synthesized NPs were
measured by scanning electron microscope (SEM) on SIGMA instrument
(Carl Zeiss, Cambridge, UK). Crystal phase information of the NPs was
obtained by X-ray diffraction (XRD) analysis with Cu Ka radiation
source (A = 1.54056 f\). The crystal structure was examined with a
0.023° min ! scanning rate in the range of 10° £ 26 < 70°. The UC lu-
minescence spectra were obtained with 980 nm continuous wave (CW)
laser diode using Shamrock Spectrograph (Shamrock 303i, Andor
Technology, Belfast, Ireland). High-angle annular dark field scanning
transmission electron microscopy (HAADF STEM) and energy dis-
persive X-ray spectroscopy (EDS) were performed by JEM-ARM2100F
(JEOL, Tokyo, Japan) at an accelerating voltage of 200kV. Unless
otherwise noted, all material characterizations were performed at room
temperature.

3. Results and discussion

The size, shape, crystalline phase, and luminescence intensity of
UCNP were studied by optimizing the external factors, including con-
centrations of reactants, NaF, and dopants and reaction time as an in-
ternal factor as shown in Scheme 1.

3.1. Effect of reactants and NaF concentration

The synthetic conditions of UCNP were first optimized by changing
the reactants (0.1, 0.2 M) and NaF (1.0, 0.5, 0.25 M) concentrations and
by tuning the volume of NaF from 7.5 to 9.0 mL (Table S1). The molar
concentration of reactants [Ln(NO3)s] represents the total quantity of
Y®* and doped lanthanide ions such as Yb*" and Er®*. SEM images
show that these experimental parameters play an important role on the
shape and size of UCNP (Figs. 1 and S1).

Upon same reactants concentration (0.1 M), the UCNP synthesized
under different NaF contents exhibit different shapes as shown in
Fig. 1A-D. The spherical-shaped NPs were obtained at 1.0 M NaF con-
centration (Fig. 1A and B). Although the size of the NPs was increased
to 69.83-76.70 nm by changing the volume of NaF from 7.5 to 9.0 mL,
the shape of the NPs was not affected. However, the aggregated-irre-
gular-shaped NPs were formed when the concentration of NaF de-
creased to 0.5M (Fig. 1C). When the volume of NaF increased to
9.0 mL, the regular spheres were synthesized with size 67.93nm as
shown in Fig. 1D [21]. This means that NaF content is not sufficient to
make fine shaped particles [22,23]. Further experiments were done to
investigate the effect of high concentration (0.2 M) of reactants on the
size and shape of NPs. Under keeping the concentration of reactants at
0.2M and with 1.0 M NaF concentration (7.5 mL), the regular-shaped,
small UCNP were uniformly synthesized with the average size of
52.77 nm (Fig. 1E). These indicate that under high concentration of
reactants, the small and homogenous spheres in nanoscale were ob-
tained. Other NPs obtained under identical conditions, except for in-
creasing the volume of NaF to 9.0 mL, were relatively inhomogeneous.
In particular, the large UCNP were formed with size 87.97 nm (Fig. 1F).
This suggests that the volume of NaF is also the key factor in controlling
the size and homogeneity of NPs. The fine bitter gourd shaped NPs were
obtained with the length of 606.67 nm and the width of 176.13 nm
(Fig. 1G) at 7.5mL of 0.25M NaF (aspect ratios of 3.47; Table S1).
However, a thin layer was appeared on the bitter gourd shaped NPs due
to the excessive amount of NaF (9.0 mL) as shown in Fig. 1H. The as-
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Scheme 1. Schematic illustration for synthesis of high luminescent and homogenous NaYF,:Yb>* /Er**, UCNP using different (a) reactants and NaF concentrations
and, (b) dopants concentration and reaction times.
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Fig. 1. (A-H) SEM images of the as-prepared particles to investigate the influence of the molar proportion of reactants and NaF with different volume as well on the
particle size, shape and homogeneity. All particles are synthesized according to the conditions described in Table S1. Scale bar represents 100 nm.
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Fig. 2. (A) XRD patterns of the synthesized particles. Spherical shape particles (line; A, B, D-F) corresponding to both a-NaYF4, PDF 00-027-0688 and 3-NaYF4, PDF
00-016-0334. Irregular (line; C) and bitter gourd shaped (line; G, H) particles corresponding to YF3, PDF 01-070-1935.

prepared NPs have different length and width ranged from 460 to
720 nm and 140-220 nm, respectively, with 3.35 aspect ratio (Fig. 1H

and Table S1).

The possible mechanism can be suggested based on XRD patterns

(Fig. 2A). Under different contents of NaF, which is a main source of
fluoride, and 0.1 M of reactants, as-prepared NPs exhibit different
phases such as a-NaYF, (PDF 00-027-0688), 3-NaYF, (PDF 00-016-
0334) and YF3; (PDF 01-070-1935) as shown in Fig. 2A (line; a-d). In
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Fig. 3. SEM images (A and B) and the respective XRD spectra (C) of UCNP
synthesized for 2-h hydrothermal reaction time, (A) 20% Yb>* /2% Er** and
(B) 30% Yb**/2% Er®*. Scale bars show 100nm. (C) XRD pattern corre-
sponding to cubic phase of NaYF,, PDF 00-027-0688.

this case, the shape of NPs was also varied. The formation of irregularly-
shaped NPs (Fig. 2A, line c) clearly proved by the phase transition from
a- and B-NaYF, to YF3. As shown in Fig. 2, the XRD peaks of samples a,
b, d, e, and f (Fig. 2A) assigned to mixed a-NaYF, and -NaYF,, in-
dicating less purity and crystallinity of the product. The presence of
different phases and phase transformation might generate structural
defects in the as-prepared UCNP and relatively less UC luminescence
intensity [24], which can be overcome by further optimizing the re-
action conditions [17]. However, the diffraction peak for the sample e
(Fig. 2A) has a significant B-NaYF, intensity, indicating relatively high
crystallinity and good UC luminescence intensity (Fig. 2B). Based on
these results, it can be suggested that phase transition plays an im-
portant role in understanding the shape evolution and size of NPs
[13,25,26]. As the unit cell structure of various shapes has different
characteristics and crystallographic phases [27-29]. We also observed
the shape and phase transition of as-prepared particles by keeping the
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Fig. 4. SEM images (A-F) and the respective XRD spectra (G) of UCNP syn-
thesized for 3-h hydrothermal reaction time, (A) 20% Yb3* /2% Er®™, (B) 20%
Yb3*/3% Er**, (C) 20% Yb>*/4% Er®*, (D) 30% Yb3*/2% Er**, (E) 30%
Yb3* /3% Er®*, (F) 30% Yb®*/4% Er®*. Scale bars show 100 nm. (G) XRD
pattern corresponding to both a-NaYF,, PDF 00-027-0688 and (-NaYF,, PDF
00-016-0334.

same reactants concentration at 0.2M and changing the NaF content
Fig. 2A (line; g and h) and Fig. 1G and H. The NPs with different phases
were synthesized under different NaF contents, indicating the con-
tribution of fluoride source to the formation of various shapes.

To investigate the UC property of as-prepared NPs, the UC lumi-
nescence spectra of NPs were measured under 980-nm laser diode ex-
citation (Fig. 2B). The UC luminescence was higher for the sample
(Fig. 2B, line e), and it can be verified by XRD pattern (Fig. 2A, line e).
The NPs with strong XRD peaks of hexagonal phase exhibited higher UC
luminescence intensity [18,30]. The a-NaYF4 contained one kind of
high-symmetry cation sites irrespective of 3-NaYF4 with two kinds of
relatively less symmetry cation sites which resulted in good electron
cloud distortion of the cations to manage the structural change. This
phenomenon favoured the formation of hexagonal phase with enhanced
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Fig. 5. SEM images (A-F) and the respective XRD spectra (G) of UCNP syn-
thesized for 5-h hydrothermal reaction time, (A) 20% Yb3* /2% Er**, (B) 20%
Yb3* /3% Er®*, (C) 20% Yb®* /4% Er**, (D) 30% Yb®*/2% Er**, (E) 30%
Yb3*/3% Er®*, (F) 30% Yb**/4% Er**. Scale bars show 100 nm. (G) XRD
pattern corresponding to both a-NaYF,, PDF 00-027-0688 and -NaYF,, PDF
00-016-0334.

UC luminescence intensity [14,31]. These results indicate that by
controlling the concentration of reactants and NaF content, we can
obtain homogeneous hexagonal phase UCNP with strong luminescence
intensity.

3.2. Effect of dopant ions and reaction time on size and crystal phase of
UCNP

Based on the previously described experiments, reactants con-
centration and NaF concentration and volume were selected and re-
mained constant for further experiments. We investigated the effect of
hydrothermal reaction time and concentration of dopant ions such as
Yb®* and Er®* on the size, homogeneity and crystalline phase of the
UCNP as mentioned in Table S2.
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Fig. 3 describes the SEM images and XRD pattern of UCNP when
synthesized at 2-h hydrothermal reaction time, suggesting the forma-
tion of spherical shape particles with a-NaYF,, PDF 00-027-0688 phase.
The respective particle size distribution spectra are shown in Fig. S2. At
3 h reaction time, the UCNP were spherical in shape and became larger
in size with increasing Er** concentration as shown in Fig. 4A-F (Fig.
S3). At this temperature, in addition to the a-NaYF,, B-NaYF4 was ap-
peared, suggesting the phase transition of NPs from cubic to both cubic
and hexagonal phases (Fig. 4G). Among the NPs synthesized at 3 h, the
NPs with 20% Yb®* /3% Er®* have higher intensity of hexagonal peak
(Fig. 3G, line b). As shown in Fig. 5, particle size was further increased
by increasing the Er** concentration and reaction time to 5h (Fig. S4),
but these factors did not alter the shape of particles. Corresponding XRD
patterns shown that intensity of the hexagonal phase was increased as
compared to the particles prepared for 3h reaction time and it was
higher at 20% Yb®* /3% Er** as shown in Fig. 5G (line b). The crystal
lattice of Ln®*-doped particles can be altered with dopants having
different ionic radii which may modify the crystal field and coordina-
tion environment of lanthanides [32]. This versatility may result in size
and morphology variation of the synthesized UCNP. The ionic sizes of
Yb3*+ (1.125A) and Er** (1.144 A) are different that may cause size
and upconversion luminescence variations [33,34]. NPs synthesized for
longer reaction time such as 5h are larger in size and have good hex-
agonal phase intensity [15] as compared to particles prepared for 2-
and 3-h reaction time.

3.3. Effect of dopant ions and reaction time on luminescence intensity of
UCNP

The NIR to visible spectra of different dopant concentrations of
Yb3* (20 and 30%) and Er®™* (2, 3, 4%) under different reaction times
(3 and 5 h) were attained under 980-nm diode laser excitation as shown
in Fig. 6. The UC luminescence intensity was not observed at 2h re-
action time (data not shown). However, the luminescence intensity was
increased with increasing reaction time and these results found to be
consistent with XRD patterns, suggesting that longer reaction time re-
quired to obtain hexagonal phase. The maximum emission intensity was
found at 20% Yb®* and 3% Er®* dopants concentration at 3-h reaction
time (Fig. 6A, line b) and it can be due to the presence of good peak
intensity of hexagonal phase (Fig. 4g, line b). Similar results were ob-
served at 5-h reaction time with 20% Yb®** and 3% Er’** dopants
concentration (Fig. 6B, line b). Fig. 6 depicts that green and red emis-
sions were obtained at 548 and 662 nm, respectively, which are origi-
nated due to the excitation of photon from ground state of Yb®™, 2F, ,
to excited state *Fs , and then transfer of photons to neighbouring Er>*
ion [31]. Furthermore, Er®* ion excitation gives rise to the green and
red emission originated from the transition °Hy, /2/453/2 —>4115/2 and
*Fo/5 — *I15,2 bands in the visible region [35,36]. Insets shown the
green and red emission area peaks of each spectrum. We suggest that
NaYF4:20% Yb>* /3% Er’* synthesized at 5-h reaction time have high
luminescence intensity (Figs. S5 and S6). Table S3 described the best
obtained experimental conditions for the synthesis of UCNP with high
luminescent intensity which can be further utilized for bio-application
such as cell viability and live cell imaging experiments. Time-resolved
UC luminescence of the optimized UCNP was also recorded (Fig. S7).
The optimized UCNP were further characterized by HAADF STEM and
EDS (Fig. 7). The simulated lattice image in Fig. 7C is in good agree-
ment with XRD pattern shown in Fig. 5. In addition, the elemental
mapping of as-prepared UCNP represented the well distribution of Na,
F, Y, Yb and Er without any aggregation (Fig. 7D-I).

3.4. In vitro cytotoxicity and HeLa cell imaging study
For bio-application, hydrophilic UCNP, NaYF,:20% Yb®* /3% Er>*

was incubated with HeLa cells at 37 °C in 5.0% CO, atmosphere for
cytotoxicity study and in vitro cell imaging. The viability of HeLa cells



R. Rafique, et al.

Materials Science & Engineering C 99 (2019) 1067-1074

(A) 10000 (B) 50000 Fig. 6. NIR to visible upconversion luminescence
Si004 —(a) ~ e —(a) o spectra of UCNP with (A) 3-h and (B) 5-h hydro-
—(b) s —(b) s thermal reaction times and different dopant con-
S0 (c) H . 400009 —(9) 5| centrations as represented in Figs. 4 and 5, respec-
=: 7000{ — (@ £ = 35000+ (@ £ tively. Insets show the maximum green and red
< 6000 E:) Cresn sfiasion; fled exasian E 30000 _Ef)) = emission peaks observed at 548 nm and 662 nm of
_%‘ 50004 —® ctonm N - e e corresponding luminescence spectra under 980-nm
Z laser diode excitation.
S 4000+
= 3000
2000 -
1000
0 T T T
500 550 600 650 700 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

was examined after being exposed to different concentrations of UCNP
(0, 1, 3, 5, 10, 50, 100, 300, 500, and 1000 pg/mL) by a standard MTT
assay (Fig. 8A). The viability of HeLa cells remained > 80% even after
24-h incubation time and at 1000 ug/mL dosage, suggesting their low
toxicity and biocompatibility.

Fig. 8B depicts the bright-field, UC luminescence, DAPI (4’,6-dia-
midino-2-phenylindole) staining and merged image of HeLa cells. The
cells nuclei were stained with DAPI, and green UC luminescence under
980-nm laser excitation was observed for the cells when treated with
UCNP, indicating that NPs can be visualized and taken up into the cells
successfully by endocytosis mechanism [5]. This successful inter-
nalization and uptake of UCNP make them promising imaging agents.
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Fig. 7. (A-C) High angle annular dark field-STEM image and, (D-I) EDS analysis of NaYF4:20% Yb®* /3% Er>*, UCNP.

4. Conclusion

Herein, a facile method to synthesize hydrophilic UCNP with dif-
ferent sizes, shapes, crystal phases, and UC luminescence intensities
was reported. We have studied different experimental conditions in
detail i.e. reactants and NaF contents, dopant concentrations and hy-
drothermal reaction times. Our results suggested that high contents of
reactants and NaF, appropriate dopant concentration and reaction time
are responsible for shape and phase evolution, uniformity and enhanced
UC luminescence intensity. Besides these, the as-prepared high lumi-
nescent UCNP exhibited negligible cytotoxicity (> 80%) in HeLa cells
even at 1000 ug/mL dosage. The optimized UCNPs were also suitable
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Fig. 8. (A) In vitro cytotoxicity of UCNP with different concentrations in HeLa cells, (B) Fluorescence microscope images of HeLa cells incubated with 100 pg/mL
UCNP for 4 h. For UC luminescence, the signals were obtained under 980-nm laser excitation source. All scale bars are 60 pm.

for in vitro live cell imaging and can be further applied for in vivo cell
imaging and drug delivery systems.

Acknowledgments

This work was supported by Basic Science Research Program

through the National Research Foundation of Korea (NRF) funded by
the Ministry of Science and ICT (MSI) (NRF-2017R1A2B4009581; NRF-
2018R1A4A1022647). Further financial support was provided by
Chung-Ang University Research Scholarship Grants in 2016-17.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.msec.2019.02.046.

References

(1]

[2]

[3]

[4]

[5

[}

[6]

[71

(8]

[91

G. Chen, H. Qiu, P.N. Prasad, X. Chen, Upconversion nanoparticles: design, na-
nochemistry, and applications in theranostics, Chem. Rev. 114 (2014) 5161-5214.
Y. Liu, Q. Ouyang, H. Li, Z. Zhang, Q. Chen, Development of an inner filter effects-
based upconversion nanoparticles—curcumin nanosystem for the sensitive sensing of
fluoride ion, ACS Appl. Mater. Interfaces 9 (2017) 18314-18321.

R. Tong, H. Lin, Y. Chen, N. An, G. Wang, X. Pan, F. Qu, Near-infrared mediated
chemo/photodynamic synergistic therapy with DOX-UCNPs@mSiO,/TiO,-Tc na-
nocomposite, Mate. Sci. Eng. C 78 (2017) 998-1005.

L. Mancic, A. Djukic-Vukovic, I. Dinic, M.G. Nikolic, M.D. Rabasovic, A.J. Krmpot,
A.M. Costa, D. Trisic, M. Lazarevic, L. Mojovic, NIR photo-driven upconversion in
NaYF,:Yb,Er/PLGA particles for in vitro bioimaging of cancer cells, Mater. Sci. Eng.
C. 91 (2018) 597-605.

Z. Gerelkhuu, B.T. Huy, M. Sharipov, D. Jung, T.-L. Phan, E.D. Conte, Y.-I. Lee, One-
step synthesis of NaLugy—xGdxF4:Ybyg** /Er,®* (Tm®*) upconversion nano-
particles for in vitro cell imaging, Mater. Sci. Eng. C 86 (2018) 56-61.

G. Tian, X. Zhang, Z. Gu, Y. Zhao, Recent advances in upconversion nanoparticles-
based multifunctional nanocomposites for combined cancer therapy, Adv. Mater. 27
(2015) 7692-7712.

S. Heer, K. Kompe, H.U. Giidel, M. Haase, Highly efficient multicolour upconversion
emission in transparent colloids of lanthanide-doped NaYF, nanocrystals, Adv.
Mater. 16 (2004) 2102-2105.

G. Chen, H. Agren, T.Y. Ohulchanskyy, P.N. Prasad, Light upconverting core-shell
nanostructures: nanophotonic control for emerging applications, Chem. Soc. Rev.
44 (2015) 1680-1713.

M. Karimi, P. Sahandi Zangabad, S. Baghaee-Ravari, M. Ghazadeh, H. Mirshekari,
M.R. Hamblin, Smart nanostructures for cargo delivery: uncaging and activating by
light, J. Am. Chem. Soc. 139 (2017) 4584-4610.

1073

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

D. Yang, P.A. Ma, Z. Hou, Z. Cheng, C. Li, J. Lin, Current advances in lanthanide ion
(Ln®*)-based upconversion nanomaterials for drug delivery, Chem. Soc. Rev. 44
(2015) 1416-1448.

X. Du, X. Wang, L. Meng, Y. Bu, X. Yan, Enhance the Er’* upconversion lumines-
cence by constructing NaGdF,:Er®* @NaGdF,:Er® ™" active-core/active-shell nano-
crystals, Nanoscale Res. Lett. 12 (2017) 163.

L. Xiaoxia, N. Yaru, Z. Cheng, F. Liang, K. Jiahui, L. Chunhua, X. Zhongzi,
Controllable self-assembly of NaREF, upconversion nanoparticles and their dis-
tinctive fluorescence properties, Nanotechnology 27 (2016) 295605.

M. Ding, S. Yin, D. Chen, J. Zhong, Y. Ni, C. Lu, Z. Xu, Z. Ji, Hexagonal
NaYF,:Yb®* /Er** nano/micro-structures: controlled hydrothermal synthesis and
morphology-dependent upconversion luminescence, Appl. Surf. Sci. 333 (2015)
23-33.

F. Wang, Y. Han, C.S. Lim, Y. Lu, J. Wang, J. Xu, H. Chen, C. Zhang, M. Hong, X. Liu,
Simultaneous phase and size control of upconversion nanocrystals through lan-
thanide doping, Nature 463 (2010) 1061-1065.

M. Wang, Y. Zhu, C. Mao, Synthesis of NIR-responsive NaYF,:Yb,Er upconversion
fluorescent nanoparticles using an optimized solvothermal method and their ap-
plications in enhanced development of latent fingerprints on various smooth sub-
strates, Langmuir 31 (2015) 7084-7090.

Q. Wu, S. Lin, Z. Xie, L. Zhang, Y. Qian, Y. Wang, H. Zhang, Tunable upconversion
luminescence of monodisperse Y,0s: Er®*/Yb®* /Tm>* nanoparticles, Appl. Surf.
Sci. 424 (2017) 164-169.

R. Rafique, S.H. Baek, C.Y. Park, S.-J. Chang, A.R. Gul, S. Ha, T.P. Nguyen, H. Oh,
S. Ham, M. Arshad, H. Lee, T.J. Park, Morphological evolution of upconversion
nanoparticles and their biomedical signal generation, Sci. Rep. 8 (2018) 17101.
M. Haase, H. Schifer, Upconverting nanoparticles, Angew. Chem. Int. Ed. 50 (2011)
5808-5829.

S. Huang, J. Xu, Z. Zhang, X. Zhang, L. Wang, S. Gai, F. He, N. Niu, M. Zhang,

P. Yang, Rapid, morphologically controllable, large-scale synthesis of uniform Y
(OH); and tunable luminescent properties of Y,05:Yb3*/Ln®* (Ln = Er, Tm and
Ho), J. Mater. Chem. 22 (2012) 16136-16144.

S.Y. Choi, S.H. Baek, S.-J. Chang, Y. Song, R. Rafique, K.T. Lee, T.J. Park, Synthesis
of upconversion nanoparticles conjugated with graphene oxide quantum dots and
their use against cancer cell imaging and photodynamic therapy, Biosens.
Bioelectron. 93 (2017) 267-273.

C. Liu, H. Wang, X. Li, D. Chen, Monodisperse, size-tunable and highly efficient p-
NaYF,4:Yb,Er(Tm) up-conversion luminescent nanospheres: controllable synthesis
and their surface modifications, J. Mater. Chem. 19 (2009) 3546-3553.

X. Guo, P. Li, S. Yin, W. Qin, Effect of NaF/RE (RE = Yb, Tm) molar ratio on the
morphologies and upconversion properties of NaYbF,:Tm®* microrods, J. Fluor.
Chem. 200 (2017) 91-95.

J. Zhao, Y. Sun, X. Kong, L. Tian, Y. Wang, L. Tu, J. Zhao, H. Zhang, Controlled
synthesis, formation mechanism, and great enhancement of red upconversion lu-
minescence of NaYF,:Yb®*, Er®* nanocrystals/submicroplates at low doping level,
J. Phys. Chem. B 112 (2008) 15666-15672.

Y. Gao, Q. Zhao, Z. Xu, Y. Sun, Hydrothermally derived NaLuF,:Yb®*,

Ln®**(Ln** = Er**, Tm®* and Ho®*) microstructures with controllable synthesis,
morphology evolution and multicolor luminescence properties, New J. Chem. 38
(2014) 2629-2638.

C. Li, J. Yang, Z. Quan, P. Yang, D. Kong, J. Lin, Different microstructures of -


https://doi.org/10.1016/j.msec.2019.02.046
https://doi.org/10.1016/j.msec.2019.02.046
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0005
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0005
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0010
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0010
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0010
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0015
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0015
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0015
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0020
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0020
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0020
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0020
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0025
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0025
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0025
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0030
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0030
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0030
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0035
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0035
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0035
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0040
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0040
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0040
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0045
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0045
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0045
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0050
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0050
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0050
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0055
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0055
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0055
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0060
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0060
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0060
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0065
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0065
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0065
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0065
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0070
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0070
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0070
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0075
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0075
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0075
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0075
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0080
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0080
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0080
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0085
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0085
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0085
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0090
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0090
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0095
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0095
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0095
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0095
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0105
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0105
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0105
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0105
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0110
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0110
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0110
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0115
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0115
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0115
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0120
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0120
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0120
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0120
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0125
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0125
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0125
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0125
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0130

R. Rafique, et al.

[26]

[27]

[28]

[29]

[30]

NaYF, fabricated by hydrothermal process: effects of pH values and fluoride
sources, Chem. Mater. 19 (2007) 4933-4942.

C. Li, Z. Quan, P. Yang, J. Yang, H. Lian, J. Lin, Shape controllable synthesis and
upconversion properties of NaYbF,/NaYbF,:Er®** and YbFs/YbF5:Er®* micro-
structures, J. Mater. Chem. 18 (2008) 1353-1361.

H. Lin, D. Xu, A. Li, D. Teng, S. Yang, Y. Zhang, Tuning of structure and en-
hancement of upconversion luminescence in NaLuF,:Yb>*,Ho>" crystals, Phys.
Chem. Chem. Phys. 17 (2015) 19515-19526.

T. Zhou, X. Jiang, C. Zhong, X. Tang, S. Ren, Y. Zhao, M. Liu, X. Lai, J. Bi, D. Gao,
Hydrothermal synthesis of controllable size, morphology and optical properties of
B-NaGdF,: Eu®* microcrystals, J. Lumin. 175 (2016) 1-8.

L. He, T. Wang, J. Mou, F. Lei, N. Jiang, X. Zou, K.H. Lam, Y. Liu, D. Lin, Fluoride
source-induced tuning of morphology and optical properties of YFs:Eu®*, Bi®* and
its application for luminescent inks, Cryst. Growth Des. 17 (2017) 4810-4818.
Y.I. Park, K.T. Lee, Y.D. Suh, T. Hyeon, Upconverting nanoparticles: a versatile
platform for wide-field two-photon microscopy and multi-modal in vivo imaging,

1074

[31]

[32]

[33]

[34]
[35]

[36]

Materials Science & Engineering C 99 (2019) 1067-1074

Chem. Soc. Rev. 44 (2015) 1302-1317.

J. Xie, X. Xie, C. Mi, Z. Gao, Y. Pan, Q. Fan, H. Su, D. Jin, L. Huang, W. Huang,
Controlled synthesis, evolution mechanisms, and luminescent properties of ScFx:Ln
(x = 2.76, 3) nanocrystals, Chem. Mater. 29 (2017) 9758-9766.

S. Han, R. Deng, X. Xie, X. Liu, Enhancing luminescence in lanthanide-doped up-
conversion nanoparticles, Angew. Chem. Int. Ed. 53 (2014) 11702-11715.

S. Hao, W. Shao, H. Qiu, Y. Shang, R. Fan, X. Guo, L. Zhao, G. Chen, C. Yang, Tuning
the size and upconversion emission of NaYF4:Yb®>* /Pr®* nanoparticles through
Yb3* doping, RSC Adv. 4 (2014) 56302-56306.

Q. Dou, Y. Zhang, Tuning of the structure and emission spectra of upconversion
nanocrystals by alkali ion doping, Langmuir 27 (2011) 13236-13241.

B. Zhou, B. Shi, D. Jin, X. Liu, Controlling upconversion nanocrystals for emerging
applications, Nat. Nanotechnol. 10 (2015) 924-936.

G. Tian, Z. Gu, L. Zhou, W. Yin, X. Liu, L. Yan, S. Jin, W. Ren, G. Xing, S. Li, Y. Zhao,
Mn?* dopant-controlled synthesis of NaYF,:Yb/Er upconversion nanoparticles for
in vivo imaging and drug delivery, Adv. Mater. 24 (2012) 1226-1231.


http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0130
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0130
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0135
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0135
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0135
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0140
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0140
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0140
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0145
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0145
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0145
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0150
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0150
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0150
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0155
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0155
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0155
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0165
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0165
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0165
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0170
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0170
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0175
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0175
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0175
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0180
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0180
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0185
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0185
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0190
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0190
http://refhub.elsevier.com/S0928-4931(18)33194-1/rf0190

	A facile hydrothermal synthesis of highly luminescent NaYF4:Yb3+/Er3+ upconversion nanoparticles and their biomonitoring capability
	Introduction
	Experimental
	Reagents
	General method for the synthesis of UCNP
	MTT assay and HeLa cell fluorescence imaging
	Materials characterization

	Results and discussion
	Effect of reactants and NaF concentration
	Effect of dopant ions and reaction time on size and crystal phase of UCNP
	Effect of dopant ions and reaction time on luminescence intensity of UCNP
	In vitro cytotoxicity and HeLa cell imaging study

	Conclusion
	Acknowledgments
	Supplementary data
	References




