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Abstract
Rational combination of different functional lanthanide materials within a single nanocrystal
presents a feasible way to develop a multifunctional nanoplatform for various biomedical
applications. The conventional methods of synthesizing and integrating two kinds of material
together generally involve laborious procedures, whilst codoping different functional ions
inside a single lanthanide nanocrystal usually results in a decrease in both its fluorescence and
its magnetic resonance relaxivity. Here, we present a seed-mediated synthetic route to prepare
core–shell structured NaYF4:Yb, Er/NaGdF4 nanocrystals. Epitaxial growth of a gadolinium
layer on an upconversion lanthanide seed not only improves its upconversion fluorescence, but
also creates a paramagnetic shell with high magnetic resonance relaxivity. The prepared
nanocrystals are uniform in size, stable in water and easy for conjugation after modification,
which may have the potential to serve as a versatile imaging tool for smart detection or
diagnosis in future biomedical engineering.

S Online supplementary data available from stacks.iop.org/Nano/21/125602/mmedia

1. Introduction

Recent advances in functional nanomaterials promise a
bright future for their use in various biomedical applications
including imaging, diagnosis and therapy [1–3]. Due
to their special electron configuration, lanthanide ions
can exhibit sharp fluorescent emission with high quantum
efficiency and long life-time. The bright and monochromatic
emissions make lanthanide nanocrystals excellent fluorescent
bioprobes in biomedical research [4]. Since luminescence of
lanthanide ions does not involve valence electron transitions,
lanthanide nanocrystals are resistant to photo-bleaching and
exhibit superior photostability compared to other luminescent
nanomaterials. Moreover, many lanthanide ions such as

Gd3+ possess a large number of unpaired electrons, which
can efficiently alter the relaxation times of surrounding water
protons. The ability to enhance relaxation of these local water
protons make lanthanide ions popularly employed as contrast
agents in magnetic resonance imaging (MRI), a technique
that has prominently been used in diagnostic and clinical
application [5]. It is therefore foreseen that rational design
of nanostructures coupled to the engagement of lanthanide
ions having different functions within a single nanocrystal will
support the development of a multifunctional nanoplatform
with enhanced diagnostic and therapeutic power.

Several conventional methods have been developed to
create a bifunctional nanoparticle with both fluorescent and
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MR imaging capability, including grafting Gd complexes
on fluorescent nanoparticles, integrating fluorescent dyes
on a gadolinium compound, and encapsulating two kinds
of nanocrystals within a large amorphous shell [6–11].
Unfortunately, these methods generally involve a laborious
procedure of synthesizing different materials followed by
a complicated integration process, often associated with
unsatisfied composition, uniformity or stability. Moreover,
most of the bifunctional nanoparticles synthesized to date are
composed of down-conversion phosphors and Gd complexes,
which are known to display some intrinsic limitations. The
requirement of down-conversion materials to be excited
generally within the UV or blue light region has compounded
the problems in using them, including auto-fluorescence
background, low penetration depth and photo-damage to the
biological specimens being investigated [12, 13]. By contrast,
near-infrared (NIR)-to-visible upconversion nanomaterials can
convert NIR light to visible light upon NIR light radiation.
Since most biospecies absorb minimally in the NIR window,
their use in fluorescent imaging will minimize the extent of
auto-fluorescence and photo-damage induced, as well as enable
high penetration depth of light in tissues [14–18]. Employing
surface grafting processes often results in a pretty low payload
of Gd3+ complex deposited on a single nanoparticle and may
thus limit their usefulness for localized targeting imaging,
while solid-state gadolinium compounds having a high payload
of Gd3+ are therefore probably a better choice [19–21]. In
view of this, it is highly desirable to develop a bifunctional
nanocrystal comprising of both an upconversion phosphor and
a solid gadolinium MRI contrast agent to address the issues of
existing bifunctional nanoparticles.

There is no doubt that codoping of Gd3+ inside an
upconversion lanthanide nanocrystal is a straightforward route
to obtain a bifunctional nanocrystal for bimodal imaging [22].
However, it should be noted that extra doping Gd3+ ions
generally leads to a decrease in fluorescence due to the change
in the host environment of luminescent ions. Furthermore,
since a fairly large portion of the Gd3+ ions are embedded
deeply inside the nanocrystals, especially so in large-sized
ones, they are less likely to execute efficient exchange of
magnetic fields with surrounding water protons as compared
to those found on the nanocrystal surface. To solve these
problems and strengthen their bifunctional properties, rational
structural organization of different functional parts in a
single nanocrystal might be a good solution. Here, we
present a seed-mediated synthetic method to prepare core–
shell structured nanocrystals with simultaneous improvement
in both upconversion fluorescence and MR relaxivity, and
NaYF4:Yb, Er/NaGdF4 nanocrystal is used as an exemplary
model. By using NaYF4:Yb, Er nanocrystals as seeds, a
NaGdF4 shell can be epitaxially grown on the surface, owing
to the similar crystal structure and lattice existing between
the seed and the shell. Not only does this coating of a
solid gadolinium compound shell on a luminescent nanocrystal
enable elimination of the surface defects of the luminescent
nanocrystals and thus enhance their fluorescence property, it
also increases the number of Gd3+ on the nanocrystal surface
thereby improving their MR relaxivity. These nanocrystals

are uniform in size, stable in water and easy for conjugation
after surface modification with a silica layer. They may serve
as a versatile imaging tool with duo capabilities of MRI and
fluorescence imaging for future biomedical application.

2. Experimental details

2.1. Synthesis of NaYF4:Yb, Er/NaGdF4 nanocrystals

High-quality NaYF4:20%Yb, 2%Er nanocrystals were syn-
thesized using a user-friendly method we have previously
developed [23]. To prepare core–shell structured NaYF4:Yb,
Er/NaGdF4 nanocrystals, the NaYF4:Yb, Er nanocrystals were
used as seeds to epitaxially grow a NaGdF4 layer on their
surface. In a typical synthesis, 1 mmol GdCl3 powder was
initially dissolved in 6 ml oleic acid and 15 ml 1-octadecene at
140 ◦C. 1 mmol NaYF4:Yb, Er nanocrystals in 10 ml hexane
were then added to the solution and the hexane solution was
removed by evaporation. While maintaining the temperature
at 50 ◦C, a solution of 4 mmol NH4F and 2.5 mmol NaOH
in 20 ml methanol was next added and kept for 30 min. The
methanol in the mixed solution was evaporated out before
the solution was degassed at 100 ◦C for 15 min, followed
by heating it to 260 ◦C and maintaining it for 1 h under Ar
flow. The solution was then allowed to cool down to room
temperature, after which the core–shell nanocrystals could
be precipitated down with acetone and centrifuged out of
the solution at 4000 rpm. The pellet of nanocrystals was
dispersed in hexane with three washings with water/ethanol.
Finally, the core–shell nanocrystals in the hexane phase were
separated with a funnel, purified once again with acetone
before dispersing them in cyclohexane for further use.

2.2. Surface modification of NaYF4:Yb, Er/NaGdF4

nanocrystals

To confer the ability of being well dispersed in water, a
microemulsion method was used to coat a thin layer of
silane/silica on the surface of the hydrophobic nanocrystals.
In a typical process, 1 ml of 0.02 M nanocrystals
solution, 4 ml cyclohexane, 0.25 ml CO-520 and 0.03 ml
ammonia (28%) were mixed in a 15 ml vial to form a
transparent microemulsion solution after sonication. 10 μl
carboxyethylsilanetriol (sodium salt, 25% in water) and
10 μl tetraethylorthosilicate (TEOS) were added into the
microemulsion using a syringe and then shaken for 2 days at a
speed of 600 rpm. After that, the nanocrystals were separated
from the microemulsion by adding acetone. The nanocrystals
were washed twice with ethanol/water before finally being
dispersed in DI water to form a transparent solution.

2.3. Characterization

Transmission electron microscopy (TEM) images and energy-
dispersive x-ray (EDX) analysis were recorded on a JEOL
2010F TEM. X-ray powder diffraction (XRD) was carried
out on a Japan Rigaku D/max rA x-ray diffractometer
equipped with a Cu Kα radiation. X-ray photoelectron
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Figure 1. TEM images of (A) NaYF4:Yb, Er nanocrystals before use as seeds, (B) NaYF4:Yb, Er/NaGdF4 nanocrystals, (C) NaYF4:Yb,
Er/NaY20%Gd80%F4 nanocrystals and (D) NaYF4:Yb, Er/NaY80%Gd20%F4 nanocrystals.

spectra (XPS) were collected on an ESCAlab MKII x-
ray photoelectron spectrometer. Fluorescence spectra were
acquired on a SpectraPro 2150i fluorescence spectrometer
equipped with a commercial 980 nm NIR laser. Samples
for fluorescence studies were prepared by dispersing the
hydrophobic nanocrystals (before surface modification) in a
hexane solution. Before MR studies, the nanocrystals were
initially modified with a silica layer as described above and
then dispersed in DI water. Relaxivity data were determined
on a 3 T clinical magnetic resonance imaging scanner (Siemens
Trio, Erlangen, Germany) from vials containing nanoparticles
of different concentrations. MR signal values from each
vial were obtained from the images using an ‘in-house’
software (MATLAB V7.1: MathWorks, Natick, MA). T 1
values were obtained by fitting an increasing exponential
function (saturation recovery equation) to a signal-TR plot. T 2
values were obtained by fitting a decreasing mono-exponential
function to signal-TE plots. R1 and R2 were calculated as
the slope of linear regression fits of inverse relaxation times
(relaxation rates) plotted against Gd3+ concentration.

3. Results and discussion

A TEM image of the NaYF4:Yb, Er nanocrystals is as shown
in figure 1(A). The nanocrystals are uniform in size with a
diameter of 22 nm. They display an orderly arrangement on

the TEM grid, due to the interaction of their hydrophobic
surface. Growing a NaGdF4 layer onto these NaYF4:Yb,
Er nanocrystals (used as seeds) increased their diameter to
28 nm without a change in their structural and morphological
uniformity (figure 1(B)), thereby suggesting that the NaGdF4

layer was epitaxially grown on the NaYF4:Yb, Er nanocrystals.
Employing the same seed-mediated synthetic process, a
series of other core–shell nanocrystals with different shell
compositions (NaYx Gd1−x F4, x = 20%, 40%, 60%, 80%)
grown on the NaYF4:Yb, Er seeds using a mixture of GdCl3

and YCl3 rather than GdCl3 alone were also synthesized.
The size and shape of these nanocrystals are close to that
of the NaYF4:Yb, Er/NaGdF4 nanocrystals, representative
examples of which are as shown in figures 1(C) and (D). The
above results indicate that such seed-mediated synthesis is a
convenient and reproducible route to obtain uniform core–shell
nanocrystals with adjustable shell compositions.

The XRD patterns of the NaYF4:Yb, Er and NaYF4:Yb,
Er/NaGdF4 nanocrystals are shown in figure 2. All diffraction
peaks of the NaYF4:Yb, Er nanocrystal could be clearly
indexed to the pure hexagonal phase NaYF4 crystal (JCPDS
standard card No. 28-1192). In parallel to this, XRD patterns
of the NaYF4:Yb, Er/NaGdF4 nanocrystals were more similar
to those of the core nanocrystals, albeit a little stronger. The
increased intensity could have resulted from the increase in size
of the nanocrystals and the similar crystal structure between
NaYF4 and NaGdF4 (JCPDS standard card No. 27-0699).
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Figure 2. XRD patterns of (A) the NaYF4:Yb, Er seeds and (B) the
prepared NaYF4:Yb, Er/NaGdF4 nanocrystals.

Figure 3. EDX analysis of elemental composition of (A) the
NaYF4:Yb, Er seeds and (B) the prepared NaYF4:Yb, Er/NaGdF4

nanocrystals. The Gd element emerging in (B) reveals that a NaGdF4

layer has been grown on the NaYF4:Yb, Er seeds.

(This figure is in colour only in the electronic version)

After growing a NaGdF4 layer, the XRD peaks at 17◦ and
29◦ (2θ ), corresponding to (100) and (110) planes, increased
more than other peaks, suggesting that the NaGdF4 layer
might prefer growing along the 〈100〉 direction of NaYF4

nanocrystals. Typical high resolution TEM images of the
core–shell nanocrystals also revealed that no obvious lattice
shrinkage or expansion was observed in the whole nanocrystal
(figure S1 in supporting information available at stacks.iop.org/
Nano/21/125602/mmedia). The close crystal structure and
lattice of these two crystals was thought to be the main reason

Figure 4. (A) Upconversion fluorescence spectra of the NaYF4:Yb,
Er nanocrystals before (dotted line) and after (solid line) growing a
NaGdF4 layer; (B) histogram of upconversion fluorescence of the
core NaYF4:Yb, Er nanocrystals after growing a series of
NaY1−x Gdx F4 shells (x = 20%, 40%, 60%, 80% and 100%).

why a NaGdF4 shell could be epitaxially grown on the NaYF4

seeds when a suitable experimental condition was provided.
EDX analysis was used to monitor composition change

of the NaYF4:Yb, Er nanocrystals before and after growing a
NaGdF4 layer. All the elements of NaYF4:Yb, Er nanocrystals
including Yb and Er could be detected, as shown in figure 3(A).
Upon growing a NaGdF4 layer onto it, a new and strong
peak at 6.05 keV emerged, and this corresponds to the L
peak of Gd, thus confirming that a gadolinium shell has been
grown. XPS analysis was also employed to investigate the
surface information of the core–shell nanocrystals (figure S2
in supporting information available at stacks.iop.org/Nano/21/
125602/mmedia). Though all the lanthanide elements could
still be detected in the fine-scan mode, it should be noted that
the Gd element is predominant on the surface (21.13 at.%),
while other lanthanide elements such as Y, Yb, Er are rare
(4.37 at.%, 0.97 at.% and 0.21 at.%, respectively, list in table
S1 in supporting information available at stacks.iop.org/Nano/
21/125602/mmedia). These XPS results further confirm that
the surface of the core–shell nanocrystals mainly consists of
NaGdF4.

Upconversion photoluminescent spectra of the NaYF4:Yb,
Er/NaGdF4 nanocrystals were shown in figure 4(A). The Yb
and Er co-doped NaYF4 nanocrystals exhibit a strong green
peak (539 nm) and a red peak (651 nm), which are ascribed
to the energy transitions from 4S3/2 and 4F9/2 to 4I15/2 of
Er3+ ions, respectively [18]. At the same concentration
of 0.02 M dispersed in hexane, nanocrystals with a layer
of NaGdF4 grown on them showed an obvious fluorescence
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Figure 5. (A) Structural illustration and (B) TEM image of silane/silica coated NaYF4:Yb, Er/NaGdF4 nanoparticles. Inset is a typical
magnified TEM image of a single nanoparticle (scale bar 10 nm); (C) longitudinal relaxivity R1 and (D) transverse relaxivity R2 of the
surface-modified NaYF4:Yb, Er/NaGdF4 nanocrystals.

enhancement compared to their uncoated counterpart, the
NaYF4:Yb, Er nanocrystals. Since pure NaGdF4 do not exhibit
upconversion fluorescence, the increased photoluminescence
observed undoubtedly originated from the core NaYF4:Yb,
Er nanocrystals that became enhanced after being covered
by a shell. This phenomenon can be interpreted by the
fact that formation of a shell could greatly decrease the
surface defects and ligand influence of the core nanocrystals,
which makes the luminescent ions located on the surface
capable of functioning just as well as those within the
crystal matrix itself [13]. We also studied the upconversion
photoluminescence of NaYF4:Yb, Er nanocrystals coated
with a series of NaYxGd1−x F4 shells (x = 20%, 40%,
60%, 80%) and the results are as shown in figure 4(B).
In all of these core–shell nanocrystals, it was found that
their upconversion fluorescence was improved regardless of
the doping concentration. The total fluorescence decreased
slightly along with increasing doping concentration of Gd,
which might be attributed to the fact that NaYF4 is a better host
for Yb, Er co-doped upconversion crystals than NaGdF4 [24].
Nonetheless, strong upconversion fluorescence could still be
easily observed by the naked eye when the solutions of these
nanocrystals were excited with a commercial 980 NIR laser
(figure S3 in supporting information available at stacks.iop.org/
Nano/21/125602/mmedia).

To make the hydrophobic NaYF4:Yb, Er/NaGdF4

nanocrystals dispersible in water and easy for conjugation
to various biomolecules, we utilized a microemulsion route
to coat a thin silane/silica layer on them [18]. As
illustrated in figure 5(A), a thin layer of carboxylic groups

can efficiently confer hydrophilicity to these originally
hydrophobic nanocrystals. In addition, a carboxylic group can
be easily used for grafting to various biomolecules through
well-established protocols. A TEM image of the nanocrystals
after silane/silica coating is as shown in figure 5(B). No
obvious size or structural change was observed except for
their surface properties. The surface charge of these modified
nanocrystals is about −30 mV, strong enough to create
an electrical repulsion between the nanocrystals, thereby
preventing them from coming together to form an aggregation.
Indeed, these nanocrystals have in fact been observed to be
stable in water for more than two months.

The MR relaxivity of the nanocrystals dispersed in water
is as shown in figures 5(C) and (D). The longitudinal relaxivity
(R1) is around 0.48 mM−1 s−1 and the transverse relaxivity
(R2) is about 12.5 mM−1 s−1 on a per millimolar Gd3+ basis.
Both R1 and R2 are higher than those of the Gd3+ co-
doped NaYF4:Yb,Er, which are reported to be 0.14 mM−1 s−1

and 8.7 mM−1 s−1, respectively [22]. In previous research
on solid gadolinium MRI contrast agents such as Ga2O3,
it was revealed that the smaller-sized nanocrystals, which
have a higher surface area, showed a higher MR relaxivity
due to easier magnetic exchange with surrounding water
protons [19]. In the present study, Gd3+ ions encapsulated
within the shell of the nanocrystal are located close to the
surface and thus have a better chance of being able to efficiently
exchange with the surrounding water protons than those doped
evenly inside the whole nanocrystal. The MR relaxivity data
are impressive when compared with some commonly used
contrast agents such as Gd-DTPA (R1 = 3.7 mM−1 s−1 and
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R2 = 5.8 mM−1 s−1 on per Gd3+ basis) [5]. In particular, if
calculated on a per millimolar particle basis, the nanocrystals
can reach a remarkably high relaxivity value since each
nanocrystal carries many Gd3+ ions, thus suggesting that these
nanocrystals, because of their high payload of Gd3+, have the
capacity of providing a better signal when used for targeting
than those single molecule-based MRI contrast agents. MR
relaxivities of NaYF4:Yb, Er nanocrystals coated with a series
of NaYx Gd1−x F4 shells (x = 20%, 40%, 60%, 80%) were
also evaluated (table S2 in supporting information available at
stacks.iop.org/Nano/21/125602/mmedia). However, their data
are close to those of NaYF4:Yb, Er/NaGdF4 nanocrystals when
calculated on per Gd3+ basis, since Gd3+ ions are equally
distributed on the shell regardless of the doping concentration.

4. Conclusion

In summary, a seed-mediated synthetic route was developed
to prepare core–shell structured NaYF4:Yb, Er/NaGdF4

nanocrystals. Epitaxial growth of a NaGdF4 layer can
effectively eliminate the surface defects of NaYF4:Yb,
Er nanocrystals and greatly increase their upconversion
fluorescence. Through a microemulsion surface modification
process, these nanocrystals could be well dispersed in water
and possessed a favorable surface for conjugation to various
biomolecules. A shell of NaGdF4 with a high payload
of Gd3+ on the nanocrystal surface also showed improved
MR relaxivity (both R1 and R2) in comparison to the
NaYF4:Yb, Er nanocrystal co-doped with Gd ions. These
bifunctional nanocrystals may have the potential to serve as
a versatile imaging tool for smart detection or diagnosis in
future biomedical engineering. These results also revealed to
us that rational design of the composition and structure of a
single nanocrystal is of paramount importance for developing
functional nanomaterials with satisfactory properties.
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