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In this work, we developed a general synthesis method for the water-soluble lanthanide ion-doped NaYF4
upconversion (UC) nanoparticles (NPs) using triethylene glycol (TEG) as a high temperature solvent and
diacid as a surfactant. Since the boiling point of the TEG is as high as 289.4 °C, the synthesis
temperature can be correspondingly increased to a higher temperature that is a bit lower than this one.
Therefore, water-soluble UCNPs with a small size (<50 nm) can be easily prepared. The nanocrystal
growth temperature could be elevated from 180 °C to 285 °C due to the superiority of the high-
temperature polar solvent environment introduced in this work. The temperature-dependent nanocrystal
growth mechanism and luminescent properties of UCNPs are deeply explored. Different chain length
diacids, e.g., three-carbon chain length propanedioic acid (PDA), six-carbon chain length hexanedioic
acid (HDA) and nine-carbon chain length azelaic acid (AA), were used in this work to prepare the water-
soluble UCNPs in polar solution, and we finally found that the fluorescent intensity and water-stability

are inversely proportional to the carbon chain length of the ligand. PDA was proved to be an optimum
Received 22nd October 2024 factant t the most stable water-soluble UCNPs. A lt, the water-soluble UCNP
Accepted 25th November 2024 surfactant to prepare the most stable water-soluble s. As a result, the water-soluble s we

prepared can also be successfully applied in the upconversion luminescent cell imaging. This study

DOI: 10.1039/d4ra07543a opens up new avenues for the synthesis of water-soluble UCNPs with small sizes and provides more
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1. Introduction

Lanthanide ion (Ln)-doped upconversion (UC) luminescent
nanoparticles (NPs) have received considerable attention owing
to their wide applications in photoelectronic devices, bioimag-
ing, photodynamic therapy and catalysis.”® Compared with the
traditional organic dyes and quantum dots, UCNPs have many
advantages, including narrower emissive band, longer
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T Electronic supplementary information (ESI) available: Fig. S1 shows the XRD
results of NaYF,:Yb, Er NPs prepared at 180 °C, 240 °C, and 285 °C. Scheme S1
shows the traditional phase transferring of the UCNPs prepared originally in
the oil phase using HDA as a substitutional ligand. Fig. S2 is the time evolution
of the room-temperature UC luminescent spectra and 803 nm emission
intensity of NaYF,:20%Yb, 2%Tm NPs obtained by the phase transfer of the
original oil phase UCNPs under natural position to compare the stability of the
NPs. See DOI: https://doi.org/10.1039/d4ra07543a
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opportunities for their applications in fields such as biological imaging and biological detection.

luminescent lifetime, higher chemical stability, lower toxicity to
cells and lower biological auto-fluorescence under near-infrared
excitation.® All these advantages make UCNPs an ideal lumi-
nescent candidate in bio-applications.”® However, the biolog-
ical environments require the UCNPs to be biocompatible and
as small as possible in dimensional size.**°

The traditional Ln-doped UCNPs synthesized in polar solvent
often utilize an autoclave for hydrothermal treatment to elevate
the boiling point of water as well as the growth temperature in
order to obtain the relatively high luminescent UCNPs with
higher crystallinity, where the citric acid or the polyethylenimine
(PEI) molecule are often used as the surfactant."** However, the
lower boiling point of citrate acid (~175 °C, almost decomposes
at this temperature or higher) makes it impossible to be used as
a surfactant at higher temperatures (e.g., =180 °C) since it is well
known that the highly efficient UCNPs must be prepared at
a relatively high temperature, e.g., over 200 °C.* The harsh ligand
requirement and the higher temperature conditions make this
traditional experiment unsuitable to prepare UCNPs at higher
temperatures, thus hampering their advantages in wide produc-
tion. On the other hand, thermal dynamic growth is the tradi-
tional direct synthesis method for water-soluble UCNPs with high
monodispersity in polar condition; as a result, increasing the
temperature tends to yield large size NPs in the sub-micrometer
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range,”"*" and the small size NPs are often accompanied by
large hydrodynamic diameters due to the undesired aggregation
phenomena. The large size and aggregation of the resulting NPs
in turn restrict the further applications of these NPs in many
fields, especially in the biological cell imaging experiments.

To date, the smaller size UCNPs are usually prepared in the
oil phase with 10-100 nm diameter, and the obtained UCNPs
must be transferred into an aqueous solution before the bio-
logical applications through ligand exchange or polymer
encapsulation.’"” During the past few years, researchers have
utilized hexanedioic acid (HDA), aminoethylphosphinic acid
(AEP), and polymers (e.g., polyacrylic acid) as hydrophilic
reagents to transfer the organic phase UCNPs to the aqueous
phase, which is able to functionalize the UCNPs with different
surface groups simultaneously.'®® However, the existing
process is complicated: the UCNPs must be synthesized in the
oil phase firstly and then transferred into the polar solution. It
is thus impossible to avoid the following drawbacks: firstly, the
obtained nanomaterials are inclined to possess poor water-
solubility due to the postnatal surfactant mastered at a rela-
tively lower temperature than the original treating process,
leading to unstable experiments with the following; secondly,
the polymer encapsulation and the ligand exchange-induced
aggregation phenomena often lead to an increase in the
hydrodynamic size of the resulting NPs; thirdly, the reduplica-
tive purification and centrifugation process will often lead to
a lower transferring efficiency of the UCNPs. As a result, ligand
exchange experimental control will sacrifice the original prop-
erties of the oil phase NPs and prejudice the further bio-
applications. With the enhanced applications of the UCNPs,
water-soluble UCNPs with smaller size (=50 nm) have become
one of the focuses in the scientific community. The requirement
of high temperature polar solvent and surfactant allows the
direct synthesis of the resulting water-soluble UCNPs in a polar
solution, which is preferable to the traditional UCNPs obtained
by the phase transfer procedures. Fortunately, the relatively
higher boiling point of most diacids makes them appropriate
surfactant candidates to prepare water-soluble UCNPs at
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a higher temperature. Table 1 lists some physical parameters;
the above conclusions could be easily obtained from this table.
In this work, we have developed a general synthesis method
for the lanthanide ions-doped NaYF, UCNPs using triethylene
glycol (TEG) as a higher temperature solvent and diacid as
a surfactant. Since the boiling point of the TEG is as high as
289.4 °C, the synthesis temperature can be correspondingly
increased to a higher temperature slightly lower than 289.4 °C
(e.g., 285 °C). As a result, the water-soluble UCNPs with small
size (<50 nm) can be easily prepared and applied in biological
applications, e.g., upconversion luminescent imaging. The
nanocrystal growth temperature could be elevated from 180 °C
to 285 °C due to the superiority of the high temperature polar
solvent environment introduced in this work. The temperature-
dependent nanocrystal growth mechanism and luminescent
properties of UCNPs are deeply explored. The different chain
length diacids, e.g., three-carbon chain length propanedioic
acid (PDA), six-carbon chain length hexanedioic acid (HDA) and
nine-carbon chain length azelaic acid (AA) were used in this
work to prepare the water-soluble UCNPs in polar solution, and
we finally found that the water-stability is inversely proportional
to the carbon chain length of the ligand. Propanedioic acid
proved to be the optimum surfactant in this work to prepare the
most stable water-soluble UCNPs. The analysis results from
field-emission scanning electron microscopy (FESEM), X-ray
powder diffraction (XRD), and upconversion photo-
luminescence (PL) spectra indicate that the synthesis of water-
soluble NPs using our method is feasible and the optimal
nanocrystal growth temperature is 285 °C. At the same time, the
optimal surfactant is the short chain diacid molecule. The
minimum size of the prepared UCNPs was 9 nm, which could be
obtained through the gradient centrifugation technique.

2. Experimental section
2.1 Chemicals

The lanthanide chlorides were purchased from Aldrich in the
highest purity available (>99.9%). Propanedioic acid (99%),

Table 1 Structural formula, boiling point (b.p.), relative density and solubility of different polar solvents and surfactants

Structural formula b.p. Relative density  Solubility
o O-OH 175 °C. decompose at this Soluble in water, ethanol, and acetone,
Citric acid )\M ’ p 1.67 insoluble in diethylether and benzene,
HO OH temperature . :
OH slightly soluble in chloroform
0 0 Soluble in water, ethanol, and
.. . o ) )
Propanedioic acid o )KJKOH 386.8 °C (101.3 kPa) 1.63 diethylether
Soluble in hot water, ethanol and
Hexanedioic acid HO) OH 332.7 °C (101.3 kPa) 1.36 diethylether organic solvent, etc., slightly
soluble in cold water
Soluble in hot water, ethanol and
Azelaic acid HO)?\/W\/?\OH 286.5 °C (13.3 kPa) 1.03 diethylether, slightly soluble in cold
water
Triethylene glycol HO™ O~~~ OH 289.4 °C (101.3 kPa) 1.13 Mixed with water, ethanol, benzene, and
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toluene, slightly soluble in ethers,
insoluble in petroleum ether
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hexanedioic acid (99%), azelaic acid (98%), folic acid (FA), and
ethylenediamine (EDA) were purchased from Sigma-Aldrich.
NaOH (99%), NH,F (99%), triethylene glycol (TEG)(GR),
methyl cyanide (GR), and methanol (GR) were all purchased
from Beijing Chemical Works. Deionized water was purified
through a Milli-Q water purification system and the resistivity
was 18.2 MQ cm. All the chemicals were used as received
without further purification.

2.2 Synthesis of NaYF,:Yb, Er UCNPs using diacid as
a surfactant

The UCNPs were prepared using the traditional NaYF, as the
matrix for the investigation of the reaction conditions. Typically,
in a 100 mL three-necked flask, a total of 1 mmol LnCl;-6H,0O
[0.78 mmol YCl;-6H,0, 0.2 mmol YbCl;-6H,0, and 0.02 mmol
ErCl;-6H,0] were added, followed by the addition of 10 mmol
diacid (PDA, HDA or AA) and 25 mL TEG. Here, the diacid was
added in excess compared to the Ln element in order to avoid the
cross-coordination between the two carboxyl groups and Ln ions
and discharge from the other carboxyl group, hence improving the
water solubility of the resulting NPs. After 30 min stirring under
flowing argon at room temperature, this mixture was heated to
150 °C for 30 min to make a clear solution. It was then cooled
down to room temperature, followed by an additional solution of
2.5 mmol NaOH and 4 mmol of NH,F in 10 mL of methanol. The
methanol was evaporated under heating at 80 °C in argon for 1
hour and then stirred at room temperature for another 1 hour.
The reaction mixture was then heated up to a designed tempera-
ture (180-285 °C) and stirred for a designed time and then cooled
down to room temperature for the next mass weighing and puri-
fication process. Simply, the obtained NPs were cooled down to RT
and then precipitated using excess methyl cyanide and isolated at
9000 rpm (a centrifugal force of 9000 g) for 10 min. The super-
natant was poured off and the NPs in the bottom of the centrifuge
tube were redispersed in water, precipitated using methyl cyanide,
and isolated again at 9000 rpm (a centrifugal force of 9000g) for
10 min. This washing process was repeated twice. After the
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purification, the NPs were stored as a dispersion in deionized
water with a concentration of 20 mg mL™".

2.3 Surface modification of the UCNPs with FA

Considering the fact that the UCNPs and FA molecules were
capped with negatively charged carboxylic groups, when the
UCNPs and FA were mixed together in the same vessel, they
could not combine with each other due to the electrostatic
repulsive force. However, when the ethylenediamine-modified
UCNPs were added into the FA solution, the UCNPs would
readily be combined with the FA through the bridge link of
ethylenediamine due to the electrostatic interaction. Experi-
mentally, 10 mg of UCNPs was mixed with 5 mL of ethylenedi-
amine for about 1 hour and then 0.5 mg of FA was added to the
solution after another 1 hour of stirring. The mixed solution was
then centrifuged at 9000 rpm for 20 min (three times) to purify
the FA-modified UCNPs. The supernatant was withdrawn care-
fully and the NPs were dispersed in PBS solution (pH 7.4) for
further use.

2.4 Cell imaging

For cell imaging, HeLa cells were incubated with 200 mg per L
FA-EDA-UCNPs for 8 h at 37 °C. The nuclei were then counter-
stained with 0.1 mg per L DAPI (4',6-diamidino-2-phenylindole)
for 10 min at room temperature, followed by washing with PBS
three times. Upconversion fluorescence imaging was then per-
formed using a Nikon Inverted Microscope Eclipse Ti-U Main-
Body (Nikon, Tokyo, Japan) equipped with a C2-SHS Scanner
and Controller.

2.5 Characterization

Steady-state photoluminescence spectra were measured using
an Ocean Optics spectrophotometer. The excitation wavelength
was 980 nm. The FESEM images were taken on a Hitachi S-4800
scanning electron microscope with an acceleration voltage of 5
kv. The XRD patterns were obtained using a D8 FOCUS X-ray

Fig. 1 XRD results of NaYF4:Yb, Er NPs prepared at 180 °C, 200 °C, 220 °C, 240 °C, 260 °C, and 285 °C (a). The JCPDS file number for the
standard cubic bulk structure is 77-2042. FE-SEM image of the NaYF4:Yb, Er UCNPs prepared at 285 °C (b). The histogram of the size distribution

is shown in the inset.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Room-temperature UC luminescent spectra of NaYF4:20%Yb, 2%Er NPs prepared at different growth temperature (a). Relative PL intensity
of the two-photon (4F9/2—4I15/2) 650 nm UC emission of Er ions vs. the growth temperature (b). Mass concentration of the NPs was kept constant
at 5 mg mL™L Aex = 980 nm. Schematic of energy level and UC luminescent spectra of the drop of the 540 nm green emission of NaYF4:20%Yb,

2%Er NPs (c).
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Fig.3 Room-temperature UC luminescent spectra of NaYF4:20%Yb, 2%Er NPs prepared at different growth times (a). Relative PL intensity of the
two-photon (4F9/2—4I15,2) 650 nm UC emission of Er ions vs. the growth time (b). Mass concentration of the NPs was kept constant at 2 mg mL™L.

Aex = 980 nm.
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diffractometer purchased from Bruker Company. Upconversion
fluorescence imaging was performed using a Nikon Inverted
Microscope Eclipse Ti-U MainBody (Nikon, Tokyo, Japan)
equipped with C2-SHS Scanner and Controller.

3. Results and discussion

3.1 Influence of the synthesis temperature on the optical
properties of the UCNPs

It is well known that lanthanide ions-doped NaYF, host lattices
NPs have higher UC emission efficiency in comparison to Y,0;
and YVO,.>* Hence, we prepared NaYF,:Yb, Er UCNPs as
a model system to verify the higher temperature synthesis in
polar solution. As shown in Fig. 1, the XRD for the UCNPs
presents the typical cubic phase crystal structure when they
were prepared at different temperatures. Once the growth
temperature was higher than 180 °C, the cubic phase structure
appeared obviously, proving the formation of the crystals. As the
temperature was increased from 180 to 285 °C, the intensities of
the diffraction peaks were gradually increased (shown in Fig. S1,
ESIY}), which proves the thermodynamic crystallization process.
This is in accordance with a previous report, which expounded
that higher temperatures accelerate the crystallization
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Fig. 4 Room-temperature UC luminescent spectra of NaYF,:20%Yb,
2%Er NPs prepared with different chain length diacid ligands. Mass
concentration of the NPs was kept constant at 10 mg mL™. A, =
980 nm.

process.’>** As shown in Fig. S1 (ESI),t when the temperature
was increased from 180 to 240 and 285 °C, the XRD diffraction
peaks became sharper and stronger. This indicates that the
nanoparticle growth is a strongly thermodynamics-dependent
process.’> Anyway, the growth temperature can be increased to

Na*, F- High T
»

Removing O,

T=Growth temperature of the NPs

Scheme 1 Growth mechanisms of UCNPs grown at different diacid ligands.
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285 °C, which is much higher than the traditional growth
temperature (<200 °C) in the polar solution reported previ-
ously."**?* This is realized based on the introduction of diacid
as a surfactant and TEG as a solvent. As shown in Fig. 1b, the FE-
SEM image presents the spherical morphology of NaYF,:Yb, Er
UCNPs. After statistical analysis, the size of the prepared
NaYF,:Yb, Er UCNPs was found to be about 18 nm (see the size
distribution in Fig. 1b), which is much smaller than that of the
previous NaYF, UCNPs (mainly 100-900 nm) synthesized in the
aqueous phase directly."
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From the traditional point of view, it is well accepted that
elevating the growth temperature of nanocrystals tends to
decrease the defects of the lattice and increase the luminescent
emission efficiency. In this work, the experimental results
coincide with this theory. As shown in Fig. 2a and b, when the
growth temperature of the particles was elevated from 180 °C to
200 °C, 220 °C, 240 °C, 260 °C, and 285 °C, both the two-photon
(*S3/2-"115/2) 540 nm and the two-photon (*Fo/,—"1;5/,) 650 nm UC
upconversion process of Er ions*® were gradually increased. The
decrease in the green emission vs. the red emission compared
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Fig.5 Time evolution of room-temperature UC luminescent spectra and red emission intensity of NaYF4:20%Yb, 2%Er NPs prepared with PDA (a
and b), HDA (c and d) and AA (e and f) under natural position to compare the stability of the relative NPs. Mass concentration of the NPs was kept

constant at 10 mg mL™% Ae, = 980 nm.
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UCPL-Red

Fig. 6 UCPL images (green and red) of the FA-UCNPs under the excitation of 980 nm; the nuclei were stained by DAPI (blue image).

to the previous value of NaYF,:Yb, Er NPs synthesized in the oil
phase is due to the abundant adsorption of the diacid onto the
surface of the NPs, which will lead to an increase in the multi-
phonon nonradiative relaxation process from the *Hy;,, and
4S5 energy level transition to the “Fy/, energy level of Er ions
and the ultimate increase in the green emission intensity.
Therefore, it presents yellow upconversion luminescence in
aqueous solution under the excitation of the 980 nm laser
(shown in the inset of Fig. S1, ESI{). The energy schematic
illustration of the decrease in the 540 nm green emission is
shown in Fig. 2c."” Naturally, 285 °C was set as the optimal NP
growth temperature for the next experimental investigation.

3.2 Influences of the synthesis time on the optical properties
of the UCNPs

It is well known that the growth of the NPs is relative to the
dynamic process. As a result, the relationship of the UC PL
spectra vs. the growth time is measured. As shown in Fig. 3, as
the growth time was increased from 0.5 hours to 16 hours, the
UC PL intensity was increased rapidly from 0.5 to 2 hours and
then an almost steady state was turned on. This proves that the
NPs growth could be finished during 2 hours in the reaction
conditions.

3.3 Influences of the carboxyl chain length of the diacid on
the optical properties of the UCNPs

The influence of the carboxyl chain length of the diacid to the
NPs' growth was also investigated by measuring the UC PL
spectra at room temperature. The growth mechanism of the
UCNPs at different carboxyl chain lengths of the diacid can be
illuminated simply by the scheme shown in Scheme 1. As shown
in Fig. 4, the UC PL intensity was in inverse ratio to the carbon
chain length of the diacid. In this work, the relatively less
carboxyl chain surfactant, PDA-coordinated UCNPs present
a higher UC PL intensity. Furthermore, the short carboxyl chain
diacid-stabilized UCNPs also showed better stability in polar
solution. As shown in Fig. 5, the PDA and HDA-stabilized
UCNPs maintained more than 80% PL intensity of the orig-
inal UCNPs under 40 days of monitoring, and the UC PL
intensity of AA-stabilized UCNPs will be quenched completely in
about 20 days of monitoring. Compared with the traditional

© 2024 The Author(s). Published by the Royal Society of Chemistry

method™ for obtaining the water-soluble UCNPs via the phase
transfer of the original oil-phase UCNPs (shown in Scheme S1
and Fig. S2, ESIt), the stability of the UCNPs prepared directly in
the polar solution by our method using PDA and HDA as the
surfactant is much stronger than that of the UCNPs obtained by
the phase-transfer method.

3.4 Upconversion luminescent cell imaging

To further testify the advantages of the synthesized NPs in the
potential bio-applications, PL imaging testing on HeLa cells was
performed. Notably, for a majority of previous works,” the
employed UCNPs were oil-soluble, in which case, the phase
transfer on NPs (from oil phase to water phase) is necessary to
be carried out in advance, which makes the entire imaging
process more onerous. However, in this work, benefiting from
the relatively high synthesis temperature (e.g., 285 °C), small-
size and water-soluble NaYF,:Yb, Er UCNPs can be directly ob-
tained in one step, which obviously simplifies the preparation
process. As shown in Fig. 6, the cell nuclei were firstly stained by
DAPI (a traditional dye, taken as a reference standard), and
a blue imaging can be well observed. In the meantime, by
introducing the UCNPs, high-quality UC images (with green and
red light) can also be clearly obtained under the irradiation of
a 980 nm laser (to increase the targeting effect of NPs to the cell,
the UCNPs were combined with the FA through the bridge link
of ethylenediamine due to the electrostatic interaction®®). The
good overlap of these images indicates the success of the
cellular internalization of the UCNPs as well as the potentiality
of our material on bioimaging.

4. Conclusions

In conclusion, we have synthesized the water-soluble NaYF,
UCNPs using diacid as a surfactant. The size of the prepared
UCNPs can reach to be as small as 9 nm, which is the minimum
size reported for the direct synthesis of water-soluble NaYF,
UCNPs. The temperature-dependent nanocrystal growth
mechanism and luminescent properties of UCNPs were
explored deeply. The different chain length diacids were used in
this work to prepare the water-soluble UCNPs in polar solution,
and finally we found that the water-stability is inversely

RSC Adv, 2024, 14, 38689-38696 | 38695
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proportional to the carbon chain length of the ligand. Pro-
panedioic acid was proved to be an optimum surfactant in this
work to prepare the most stable water-soluble UCNPs. Due to
the abundant adsorption of the diacid onto the surface of the
NaYF,4:20%Yb, 2%Er NPs, the nonradiative relaxation process
from the *S;/, energy level transition to the “Fy, energy level of
Er ions was strengthened. As a result, the green emission was
weakened and the red emission was relatively enhanced ulti-
mately. The resulting water-soluble UCNPs can also be
successfully applied in upconversion luminescent cell imaging.
This study opens new avenues for the synthesis of water-soluble
UCNPs and provides more opportunities for their applications
in bio-imaging, bio-detection, etc.
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