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Upconverting lanthanide nanoparticles overcome many of the problems associated with more
traditionally used luminescent contrast agents, such as photobleaching, autofluorescence, cyto-
toxicity and phototoxicity. For this reason, they are an attractive choice for biomedical imaging
applications, particularly for imaging in living tissues. The last decade has seen numerous
improvements to these nanocrystals, but a comprehensive guide to the synthesis of upconverting
lanthanide nanoparticles has not yet been written. Methods vary from paper to paper and from
group to group, and results vary between research groups for each method. For this reason,
development of these nanoparticles remains a significant endeavor for any research group
interested in joining the field. In this review, we look at the varying synthetic methods employed
over the last decade and detail methodology for a select few that have been favored in the field.
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1. Introduction

Upconverting lanthanide nanoparticles are a subset
of luminescent contrast agents that use rare earth
metals doped into a crystalline host to generate
unique optical properties that make them superior
to more traditionally used luminescent agents for a
number of biomedical imaging applications. The
most striking feature of these nanoparticles is their
bright upconversion luminescence upon excitation
at 980nm (see Fig. 1). This anti-Stokes shifted

emission is not shared by biological autofluorescence
processes, effectively eliminating background signal
from endogenous fluorophores. Furthermore, NIR
excitation achieves a greater depth of penetration
than visible or UV, and is less phototoxic.!*?
Because upconverting nanoparticle (UCNP) lumi-
nescence is the result of electronic transitions within
individual metal ions, it is not subject to photo-
bleaching.? In addition, because each nanoparticle
contains a large number of active ions, fluorescence
intermittency is averaged out enough that it is not
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Fig. 1. NaYF, nanocrystals codoped with Yb3* and Tm?3*
(left) or Er3*(right). UCNPs shown here were synthesized by
thermal decomposition of LnTFA precursors, and had an
average diameter of ~15nm. Illumination was by laser diode at
980 nm.

observed for single particles.*”” For these reasons,
UCNPs have been pursued as contrast agents for
biomedical imaging during the past decade.®'!
They are not, however, without disadvantages. Of
primary concern is the low upconversion efficiency
of the base nanoparticles when compared to the
downconversion luminescence of fluorescent dyes.'?
Typical quantum yields for NaYF,:Yb, Er range
from 0.005% to 3%, with 3% representing the
quantum yield of the bulk material.'® In general, the
quantum yield of UCNPs increases with increasing
size. Quantum yield is also affected by the number
of defect sites on the surface of the nanoparticle, the
capping ligand used to stabilize UCNPs in solution,
the solvent and the crystal phase of the nano-
particles.!” With so many variables, the synthesis of
UCNPs has been constantly evolving to achieve
better control of luminescence, particle size and
colloidal stability. In this paper, we review UCNP
synthetic methods developed over the last decade
and describe several specific protocols in order to
create a single, open source reference for many of
the techniques used in UCNP synthesis.

The first report of a synthetic method for pro-
ducing stable suspensions of upconverting lantha-
nide nanoparticles was published in 2003 by Heer
et al.'* Before that time, upconverting lanthanide
materials were typically synthesized as phosphors,
bulk materials,''” or dry nanoparticles that could
not be dispersed in solution.'® 2% The nanoparticles
synthesized by Heer at that time had an average

diameter of ~7nm and were composed of YbPOy,:
Eryos and LuPO,:Ybg a9, Tmgy;. Due to the host
material chosen, the upconversion efficiency of these
nanoparticles was low, though upconversion lumi-
nescence could still be observed with naked eye.
Shortly after this was published, Heer et al. released
a second paper describing the synthesis of highly
efficient upconverting lanthanide nanoparticles,
choosing NaYF, as the host matrix instead of the
previously used phosphates.”’! The switch from
phosphate crystal lattices to NaYF, was ac-
companied by an eight-fold increase in the lumi-
nescence intensity of UCNPs. The authors make
sure to clarify that this increase in luminescence
efficiency is not solely due to the change in the host
lattice. Particle size was also noted to increase
substantially between the particles composed of
YbPO, and those composed of NaYF,, resulting in
a decrease in the relative number of lanthanide ions
available for surface quenching effects. In addition,
they posited that the decrease in the amount of
Yb3+ reduced quenching effects caused by this ion.

Since these seminal papers on the synthesis
of UCNPs, there has been a dramatic increase in
activity in this field. There are now many tech-
niques available for the synthesis of upconverting
nanocrystals, each with its own advantages and
disadvantages.

2. Synthetic Methods

Before discussing individual synthetic methods, it is
necessary to discuss the various factors that deter-
mine UCNP quality during synthesis. The first, and
most important, is the choice of sensitizer and
activator ions. Most UCNPs take advantage of
energy transfer upconversion in order to generate
upconverted luminescence. The sensitizer absorbs
excitation light, then transfers that energy non-
radiatively to a nearby activator. Following mul-
tiple energy transfer or direct excitation events, the
activator builds up enough energy to emit energy
at a shorter wavelength than the excitation source.
In most cases, Yb?* is chosen as the sensitizer due
to its single, relatively strong transition in the
visible/NIR spectrum. In addition, the 2F7/2 —
2F, /2 transition matches several electronic tran-
sitions in Er3*, Tm3* and Ho3* very well (see
Fig. 2). The doping ratio of the sensitizer is critical.
It must be high enough that the average distance

1330007-2



J. Innov. Opt. Health Sci. 2014.07. Downloaded from www.worldscientific.com
by 103.240.126.9 on 10/21/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

Upconverting lanthanide nanoparticles

30—
] D,
: ' Gy,
Al N 5
25 g . AN % H,,
E I Y > iF
A 312
! S \ ¢ 4F
L G~ \ 5t | B
20= ~ A ’ > | L] 71
E ~ \ 7 7 — q
—_ A T S 1 172
= 4 I \\ 1 ,' T 451«2
g 1 vy ! I
& ] ] L ) -1 ! “F
2]5-‘ = ]l__- i Y o ] 912
. |H RS TV 1 E
& —H, ,~ Saw, e T TS L = 4]
M b 4.7 s T o2
] (. Yo \i 3 .
10= : V4 1 L T Lin
h 3 1 1
] : Z ' 1 ”I
] 1 ’ . = 1 +—L m 4In.:
5= £ 1 F" E : : E E E E E
: e 2 | Cmnex
] =+ @ 1 1 =t <t wn\o
] o || o
0= }H!. ZF?.W ! 4||w
Tm?* Yb¥ ) Er o

Fig. 2.

Energy level diagram for energy transfer upconversion in NaYF,:Yb3t, Tm3+ and NaYF,:Yb3t, Er3+. Dashed lines

represent energy transfer excitation and relaxation, gray lines represent nonradiative relaxation, and colored lines represent

radiative transitions. Energy levels taken from Carnall et a

between sensitizers and activators favors energy
transfer, but not so high that cross-relaxation,
cooperative luminescence or rapid energy diffusion
between sensitizers results in significant upconver-
sion quenching.'%?%?? As mentioned, typical activa-
tors are Er3t, Tm3+ and Ho3" due to the resonance
match with Yb3+. In a more general sense, good
activators will have long-lived intermediate excited
states. The longer an electron spends in an excited
metastable intermediate, the more likely it is to be
excited again by an incident photon or by energy
transfer from a nearby ion. In addition, those acti-
vators that have multiple transitions with similar
energy gaps make good dopants for upconverting
materials. For example, Er3* has more than four
transitions that have energies close to 10,200 cm !
(980nm). This enhances both single wavelength
excited state absorption (ESA) and ETU.

Second to a proper sensitizer/activator combi-
nation is the host matrix. As already mentioned in
the context of NaYF, and YbPQO,, choosing a good
host matrix can greatly enhance upconversion effi-
ciency.’! There are four major considerations for
these crystal matrices. The first is size matching
between matrix cations and the lanthanide ions.
Because trivalent lanthanide ions all possess very
similar ionic sizes and chemical properties, they are
ideal as inactive host matrix cations. This is par-
ticularly true with Y3+, Gd?* and La3* as they do
not have strong electronic transitions in the visible

7.23.24

and NIR, though the latter has a few strong tran-
sitions in the UV and violet wavelengths.?” Alkaline
earth metals and some transition metals also have
similar ionic size to the lanthanide ions. These
include Ca?*, Ba?*, Sr2t, Zr*t and Ti*t. However,
due to the charge mismatch, crystals composed of
these materials often have numerous defects when
doped with lanthanide ions.'"

Lattice phonon energy is also of great importance
in selecting a host matrix for upconverting ma-
terials. Its influence on the nonradiative transition
rate, k.., can be expressed as

k;nr _ ﬁe—a(AE—Qﬁw) (1)
for low phonon numbers and
ke = fe*(BF) (2)

for phonon numbers above two or three, where
and « are constants unique to each host matrix, AE
is the energy gap between the two electronic states
of interest, and Aw is the maximum phonon energy
for the host matrix.’® Oxide nanocrystals have the
largest phonon energies among those considered for
UCNPs, typically between 550 and 700 cm !, while
halogen-based nanoparticles range from 175cm !
for LaBrs to ~350cm~! for NaYF,. While host
matrices based on bromine and iodine seem like
obvious choices based on their phonon energies,
they do not have good stability in biological en-
vironments. Matrices composed with Br~ and I~
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are hygroscopic and not well suited for use in bio-
logical systems. NaYF, is relatively stable in aqu-
eous media, however, and is therefore ideal for the
purpose of developing UCNPs as biomedical con-
trast agents.

In addition to the chemical composition of the
nanocrystal, crystal lattice structure is important
when creating efficient upconverting materials.
NaYF, nanocrystals may be either cubic (a-NaYF,)
or hexagonal (3-NaYF,) phase, with the hexagonal
phase nanoparticles typically being an order of
magnitude more efficient at photon upconversion.>”
Unfortunately, synthesis of hexagonal phase nano-
particles is often significantly more difficult than
synthesis of their cubic phase counterparts, requir-
ing higher reaction temperatures and strict control
of most other reaction parameters.

Finally, the capping ligand used to stabilize the
UCNPs in solution has a direct effect on upcon-
version efficiency. Vibrational modes of the capping
ligand will interact with surface ions, often resulting
in quenching of their luminescence. This occurs
alongside solvent quenching and can be mitigated
by the epitaxial growth of additional NaYF, or
NaGdF, to form a shell around the active core.?8 3¢
With these properties in mind, we now look at each
synthetic method in detail and weigh their pros
and cons.

2.1. Thermal decomposition

Arguably the most popular method of UCNP syn-
thesis over the past decade has been thermal de-
composition.’’ > Thermal decomposition involves
the heating of lanthanide precursors in nonpolar
solvents with high boiling points in the presence
of other host matrix materials. A capping ligand
is usually used to manage nanoparticle growth
and stabilize the growing nanoparticles in solution.
In many of the current thermal decomposition
methods reported, oleic acid is used in conjunc-
tion with either oleylamine or trioctylphosphine.
Because of the high temperatures involved and the
general sensitivity of UCNPs to oxygen impurities,
control over the reaction must be precise in order
to produce good-quality nanocrystals of a narrow
monodisperse size. Parameters that influence
nanocrystal morphology, size and crystal phase
include temperature, pressure, capping ligand, pre-
cursor composition, heating rate, cooling rate,
reaction time, solvent and reagent concentrations.”®

Careful selection of these parameters allows for
control over UCNP size and crystal phase. How-
ever, the large number of variables can make
reproducible synthesis exceptionally challenging.
While thermal decomposition produces good
UCNPs, it also produces toxic byproducts. As such,
a number of groups have pursued alternative syn-
thetic methods.

There are two major techniques for the formation
of UCNPs by thermal decomposition, as well as a
small number of less used techniques. Before going
into the details of these methods, it should first be
reiterated that thermal decomposition methods
usually produce fluorinated byproducts that are
extremely hazardous. In addition, the biological
effects of UCNPs are still being studied, and though
initial experiments indicate that they are fairly
nontoxic, precautions should still be taken to ensure
that all synthetic work and handling of UCNPs
takes place in a fume hood with proper protective
equipment.

In the first synthetic method we will describe the
thermal decomposition of lanthanide oleate pre-
cursors, often carried out as a one-pot reaction. This
technique was first proposed by Li and Zhang in
2008, and has been used and further developed by
several groups since.’®°1%% The reaction begins by
adding 1 mmol of lanthanide salts, one study found
that lanthanide acetates work particularly well,
into a flask along with 6 mL oleic acid and 17 mL
l-octadecene. The lanthanide salts are usually
added at a molar ratio of 2% Er3* or 0.2% Tm?>T,
20-30% Yb3*+ and the remainder Y3+ or Gd**. The
concentration of oleic acid has been reported to in-
fluence particle size, with higher concentrations of
oleic acid resulting in smaller particles.”> The
resulting suspension is stirred and heated to 120—
160°C under vacuum, and held at this temperature
between 30 min and 1h. In our own work, we found
that alternating between Ar atmosphere and vac-
uum during the first 100°C of any heating step
resulted in a better end product. Completion of this
step is marked by transition from a cloudy suspen-
sion to a transparent solution. At this point, the
solution is cooled between room temperature and
50°C. In our own use of this protocol, we found no
difference between 25°C and 50°C, though more
trials are needed to establish this conclusively.
About 10mmol of NaOH and 5 mmol of NH,F are
then dissolved in 10 mL of MeOH, which is added to
the reaction flask. We did not find any significant
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correlation between UCNP quality and the rate at
which this solution is added to the reaction mixture.
There have been reports that increasing the con-
centration of sodium above the stoichiometric con-
centration has beneficial effects on UCNP quality,
which is why NaOH is added at 10 times the stoi-
chiometric concentration. The resulting slurry is
typically colorless to light yellow and cloudy. The
slurry is then heated to 100°C under vacuum to
remove water and MeOH from the reaction flask.
Once these have been removed, the reaction vessel is
placed under Ar atmosphere and rapidly heated to
310°C, then held at this temperature for between
0.5 and 1.5h. The resulting suspension of nano-
particles is then cooled to room temperature, at
which point ethanol or acetone may be used to
precipitate particles from solution and wash them.
The results of this synthetic protocol have varied
between research groups. While the original authors
of this method and several of the immediately fol-
lowing publications by other groups report hex-
agonal phase nanoparticles, some groups also report
cubic phase nanoparticles as a result of this method.
In our own work, each synthesis using this method
resulted in a mixture of small (<100nm) cubic
phase particles and large (>200nm) hexagonal
phase particles. The ratio of small to large particles
varied between each synthesis.

The second method, first described by Boyer
et al. in 2006, is the thermal decomposition of lan-
thanide trifluoroacetate precursors.”’”” To begin,
lanthanide oxides are dissolved in 50% tri-
fluoroacetic acid at 80°C. This often takes over-
night, sometimes longer, and is marked by a
transition from a cloudy suspension to a transpar-
ent colorless solution. The resulting solution is then
dried. In our own work, we then dissolve the pre-
cursors in tertiary butanol, lyophilize them and
store them for later use. About 1mmol of these
precursors are then added to 10mmol oleic acid,
10mmol oleylamine and 20mmol 1-octadecene
along with 1mmol sodium trifluoroacetate. The
solution is then heated to 100°C and left at this
temperature under vacuum pressure for 1h. After
an hour, the solution is rapidly heated to 270°C and
maintained at this temperature for another hour.
The suspension is then cooled to room temperature
and ethanol or acetone is added to precipitate and
wash the nanoparticles. The UCNPs are cubic
phase nanocrystals at this point, and can be run
through a second heat treatment to promote a

Upconverting lanthanide nanoparticles

transition from cubic to hexagonal phase. This is
done by first dispersing the washed, dried UCNPs in
20 mmol oleic acid and 20 mmol 1-octadecene along
with sodium trifluoroacetate. The resulting slurry is
then heated to 100°C with magnetic stirring and
held at this temperature for 1h under vacuum
pressure. The solution is then heated to 330°C and
held at this temperature for 15 min before cooling to
room temperature and precipitating and washing
the UCNPs with ethanol or acetone.

In the third thermal decomposition method we
will discuss the review of the hot injection method.**®
To begin, lanthanide trifluoroacetate precursors are
prepared as described previously. About 1.25 mmol
of sodium trifluoroacetate and 1.25mmol lantha-
nide trifluoroacetates are then added to 2.5 mL of
1-octadecene and 5 mL of oleic acid. To a three-neck
round bottom flask, 15 mL of 1-octadecene and 10 mL
of oleic acid are added. Both solutions are then heated
to 125°C under vacuum and maintained at this
temperature with stirring for 30 min to remove re-
sidual water and oxygen. The three-neck flask is then
heated to 310°C under argon. At this time, the sol-
ution containing the lanthanide trifluoroacetates is
added dropwise to the three-neck flask. Once added,
the reaction vessel was cooled to 305°C and held at
this temperature for 20 min, then cooled to room
temperature. The sample is purified as described
previously.

In all of the above cases, the luminescence yield
of the synthesized UCNPs can be substantially
improved by the epitaxial growth of a shell layer
onto the nanocrystal core. This typically uses a
method similar to the three methods described
above, but with some slight modification.”’ In most
cases, the growth of a shell layer is accomplished by
repeating one of the protocols outlined above with
some small modifications. Core nanoparticles are
added to the reaction vessel alongside the lantha-
nide precursors, and the concentrations of the var-
ious lanthanide ions are altered to modify the size
and composition of the shell layer. Undoped NaYF,
and NaGdF, are common crystal compositions for
UCNP shells.

2.2. Coprecipitation

Compared to thermal decomposition, coprecipi-
tation is a very friendly synthetic method. Not only
are there fewer toxic byproducts, but the tempera-
tures required during the initial synthesis are not
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as extreme.”” Unfortunately, these factors are out-
weighed by lower UCNP quality immediately follow-
ing synthesis, often requiring additional annealing to
achieve good photon upconversion.'” An example
synthesis involves the rapid injection of a lantha-
nide-EDTA complex into a solution made up of
NaF in deionized water, resulting in immediate
nucleation. This is then allowed to react at room
temperature for 1h. Following precipitation by
centrifugation and several wash steps, the dry
nanoparticles may be annealed at 400°C to promote
the transition from cubic to hexagonal phase.®

Alternatively, polyvinylpyrrolidone (PVP) may
be used as the surface ligand. The following copre-
cipitation procedure was taken from work by Li and
Zhang in 2006.°! To begin, 1 mmol of LnyOs5 is dis-
solved in 10% HNO; and the resulting solution is
heated to remove water. The resulting LnNOj salts
are dissolved in 10mL of ethylene glycol. About
0.5560 g PVP40 and 0.0588 g NaCl are added to the
reaction vessel, and the resulting mixture is heated
to 80°C until a homogenous solution is formed.
About 4 mmol of NH4F is then dissolved in 10 mL
ethylene glycol at 80°C, which is then added to the
solution containing LnNOj3 dropwise. The resulting
solution is stirred at 80°C for 10 min before being
heated to 160°C. The solution is maintained at this
temperature for 2 h, then cooled to room tempera-
ture. The resulting UCNPs are precipitated from
solution and washed with ethanol.

2.3. Solvothermal

Along the same lines as coprecipitation, solvother-
mal synthetic techniques require lower temperatures
and produce fewer toxic byproducts than thermal
decomposition methods. The main requirement for
solvothermal synthesis is an autoclave, which is
necessary in order to bring the polar solvents used to
temperatures and pressures above their critical
points.’*52 Organic solvents may be added to these
reactions to help control crystal growth and direc-
tionality, though high-quality nanoparticles can
still be synthesized without them.*’

The following protocol has been taken from work
by Wang et al. and details the generation of CaFs:
Yb, Er nanocrystals.’>%* To begin, stock solutions
of YbCl; and ErCl; are prepared by dissolving LnO3
salts in dilute hydrochloric acid. About 0.5 mmol
of the Ln(Ca)Cl;s salts and 4mL of 0.5M NaF is
added to a mixture of NaOH (1.2 g), ethanol (8 mL),

deionized water (8 mL) and oleic acid (20 mL). The
resulting suspension is stirred, then added to a
50mL Teflon-lined autoclave and maintained at
180°C for 36 h. The product is then allowed to cool
to room temperature, collected by centrifugation
and washed with ethanol. To create NaYF, nano-
crystals, CaCls is replaced with YCl; and additional
NaF, between 2 and 6 mmol, is added.®”

An example of a hydrothermal synthesis that
does not utilize organic solvents was presented by
Passuello et al. in 2012 and is detailed here.** To
begin, YbCl;, GdCl;3, and either ErCl; or TmCl; are
dissolved in 17mL of deionized water to achieve a
lanthanide concentration of 0.124M at a molar
ratio of 78% Gd3**, 20% Yb3* and 2% Er3t or
Tm3*+. NH,F is then added to the solution to a
concentration of 0.372M along with enough PEG-
10,000 to achieve a water:PEG mass ratio of 1. The
resulting suspension is placed in a 100 mL. Teflon-
lined digestion pressure vessel and maintained at
200°C for 8h. Following synthesis, the nano-
particles are washed with acetone and dried at room
temperature, then dispersed in water.

Other, less well known, synthetic methods
include ionothermal,’ sol-gel,’” combustion®® and
flame synthesis.®” Flame synthesis is particularly
enticing due to its scalability and low cost, though
additional work is necessary to refine the technique.
While each of these synthetic methods has its own
virtues, for biomedical applications, the nano-
particles produced are in general inferior to thermal
decomposition and solvothermal methods.

3. Surface Modification and
Future Directions

As can be seen in Table 1, the UCNPs created by
many of available synthetic methods are hydro-
phobic as synthesized. For this reason, surface
modification is considered essential for most bio-
medical applications. In addition to hydrophilicity,
surface functionality is also an often sought after
goal in UCNP surface modification. Common
functional groups include amines, thiols and car-
boxylic acids due to the ease with which they may
be reacted with many biologically relevant mol-
ecules. Functionalization with maleimide has also
been proposed recently as a convenient method
for the attachment of proteins.”’ For simplicity,
surface modification methods investigated so far can
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be roughly divided into five categories: ligand
exchange,”>""™ ligand modification,”" ligand re-
moval,”” adsorption of amphiphilic molecules**""5°
and growth of a silica shell.*"*? From our experi-
ence, coating with amphiphilic molecules is the
simplest surface modification method both for dis-
persing UCNPs in aqueous solutions and for func-
tionalization with biologically relevant ligands. The
true test of these nanoparticles will be in their
application, however, and more study of surface
modification’s effect on toxicity, biodistribution and
functionality is needed.

In order to better study biomedical application of
UCNPs, more reproducible synthetic methods are
necessary. Small changes in nanoparticle size can
have dramatic effects on nanoparticle distribution
in live animals, colloidal stability and upconversion
efficiency.®® To that end, automated and large-scale
synthesis are areas that warrant additional study.**

Most laboratories studying UCNP synthesis or
biomedical application now focus on thermal de-
composition or solvothermal methods. Despite
challenging preparative conditions, these methods
are preferred for their ability to produce high-
quality nanoparticles that have a monodisperse size,
pure crystal phase, protective shell layers and rela-
tively high upconversion efficiency.

Control of UCNP size, crystal structure, quan-
tum yield and surface functionality still present a
considerable experimental challenge. The large
number of protocols tested has not led to a standard
synthetic method. On the contrary, as evidenced by
continuing reports of new synthetic approaches,
nanocrystal compositions and surface modifications,
UCNP synthesis remains a very active field of
research.
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