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Abstract
Surface modification of lanthanide-doped upconversion nanocrystals is crucial to make them
useful for various biological applications. Unfortunately, the current methods available to
achieve a desirable surface exhibiting both high luminescence and good biocompatibility are
limited. In this work, we present a facile microemulsion route to coat carbonized glucose on
hydrophobic NaYF4 nanocrystals. Owing to the particular structure of the carbonized shell,
glucose coating on these UCNs is not only able to preserve strong fluorescence from the core
nanocrystals, but it also confers good water solubility and bears various functional groups for
conjugating to biomolecules. Compared to 10 nm silica-coated UCNs, these glucose-coated
nanocrystals possess better cell biocompatibility, and can be rapidly internalized into cells.
Such unique features of glucose-coated UCNs may find promising applications in imaging,
diagnosis and therapeutic purposes. Besides, this facile surface-modification route has the
potential to be extended to a broad range of other hydrophobic nanocrystals.

S Online supplementary data available from stacks.iop.org/Nano/21/315105/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, synthesis and surface modification of upconversion
nanocrystals (UCNs) have attracted considerable attention due
to their unique optical properties and promising applications
in biological fields [1, 2]. Among various luminescent
nanocrystals, lanthanide-doped near-infrared (NIR)-to-visible
UCNs, which can convert NIR light to visible light, are of
particular interest [3]. Since most biological species 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 [4–6]. Furthermore, these UCNs show
superior photostability, as the lanthanide ions responsible for

their fluorescence emission are doped within the nanocrystal
matrix [7]. Moreover, taking advantage of their sharp
emissions and long lifetime, these UCNs can also serve
as efficient electron donors to improve the efficiency in
fluorescence resonance energy transfer (FRET) detection, a
sensitive and popular technology widely used in biological
detection [8, 9]. In the past few years, many methods
have been successfully developed to synthesize UCNs with
controllable size and shape, but high-quality and monodisperse
UCNs are generally prepared in non-polar solvents under high
temperature and possess a hydrophobic surface [10–14]. In
order to utilize these nanocrystals for biological applications,
surface modification is therefore primarily required to make
them water-soluble, biocompatible and capable of conjugating
to various biomolecules.
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Several attempts have been made to convert hydrophobic
UCNs to hydrophilic ones. These include a technique similar
to that used in surface-modifying quantum dots, wherein ligand
exchange was employed by replacing hydrophobic surfactants
with hydrophilic ligands to obtain water-soluble UCNs [15].
Owing to the strong affinity of surfactants such as oleic acid
(OA) to lanthanides, the technique is unfortunately flawed with
the formation of aggregate by-products due to the difficulty in
getting the surfactants to be thoroughly replaced. In another
attempt, hydrophilicity was conferred on the hydrophobic
UCNs by coating amphiphilic copolymers through van der
Waals interaction [16, 17]. However, such an interaction
between UCNs and the copolymers is relatively very weak
and thus might be unable to withstand harsh and complex
chemical/biological processes. In yet another attempt, Zhang
and co-workers have developed a versatile strategy to convert
OA-capped nanocrystals into carboxylic-acid-functionalized
analogues by directly oxidizing OA [9]. While this route
is novel and straightforward, this organic reaction was time-
consuming and the reaction yield was unsatisfactory. We
and other groups have also developed hydrophilic UCNs
via a silica-coating route [18–20]. Although monodisperse
core–shell structured nanoparticles could be obtained using
this route, the thick silica shell causes scattering in both
excitation and emission light of the UCNs and thus reduced
the luminescence from the UCNs to a large extent. Therefore,
there is an urgent need to develop facile and general routes to
surface-modify hydrophobic UCNs into ones which not only
make them water-soluble and biocompatible but also do not
restrain their high luminescence.

Since its report by Li et al in 2004, carbonized
glucose spheres have received considerable attention due
to their biocompatible and favourable surface, and have
been widely used as templates to prepare inorganic hollow
spheres [21–23]. Coating of carbonized glucose shells on
hydrophilic nanoparticles of certain materials has been realized
through a hydrothermal process [24, 25]. However, how to
coat such kinds of shell on a hydrophobic nanocrystal remains
challenging, due to the fact that these nanocrystals can hardly
be dispersed in water, which is normally used in a typical
hydrothermal route. To address this issue, here we present
a facile microemulsion route to coat a carbonized glucose
shell on hydrophobic UCNs. By using aqueous glucose
pools of a microemulsion to encapsulate hydrophobic UCNs
dispersed in cyclohexane, a carbonized glucose layer could be
formed on the UCNs upon elevating the temperature to a level
conducive for the carbonization of glucose. In comparison with
previous surface-modification methods, coating carbonized
glucose on the UCNs not only effectively protects the core
UCNs from dissolution or exchange with the surroundings
by its carbonized inner layer but also possesses lots of
functional groups (such as –OH and –CHO) due to the cross-
linked glucose surface. Compared to conventional silica-
coated UCNs, which are currently the norm for use in
some biological applications [6, 19, 20], the glucose-coated
UCNs show an obviously stronger fluorescence and better
cell biocompatibility. Moreover, these glucose-coated UCNs
get internalized into cells more quickly and can be swiftly

distinguished under a fluorescence microscope, which might
be very useful in various biomedical engineering processes for
rapid detection, screening and diagnostic purposes.

2. Experimental details

2.1. Synthesis of carbonized glucose-coated NaYF4

nanocrystals

High-quality upconversion NaYF4: 20%Yb, 2%Er and NaYF4:
20%Yb, 0.3%Tm nanocrystals were synthesized using a user-
friendly method we have previously developed [26]. The
nanocrystals were washed with ethanol/water thrice before
dispersing them in cyclohexane to form a clear solution. In
a typical process to coat a carbonated glucose shell on these
nanocrystals, 2 ml of 0.02 M nanocrystal solution, 18 ml
cyclohexane and 0.5 ml surfactant CO-520 were mixed in a
50 ml breaker and stirred for 10 min. After which 0.1 ml
of freshly prepared glucose solution (1 M) was added to the
mixture and sonicated for 5 min till a transparent water-in-oil
microemulsion was formed. This was subsequently transferred
to a 30 ml autoclave and sealed. To induce dehydration,
crosslink and carbonization of glucose on the nanocrystals, the
temperature was slowly raised to 120 ◦C at a rate of 3 ◦C min−1

and maintained at 120 ◦C for 2 h. Upon cooling down to room
temperature, the products were centrifuged off the solution by
adding acetone. The products were then washed with three
cycles of ethanol and water each, before finally dispersing them
in water for further use.

2.2. Characterization

Transmission electron microscopy (TEM) images were
recorded on a JEOL 2010F TEM. The TEM samples were
prepared by dropping the solution of nanoparticles on a
carbon-film-coated copper grid. FTIR spectra were performed
on an attenuated total reflection FTIR (Varian 3100 FT-IR).
Fluorescence spectra were acquired on a SpectroPro 2150i
fluorescence spectrometer equipped with a commercial 980 nm
NIR laser. The concentration of nanoparticles in cells was
determined using inductively coupled plasma–atomic emission
spectrometry (ICP-AES) by digesting the cells and measuring
the concentration of Y3+ ions.

2.3. Cell viability and imaging

Biocompatibility of the nanoparticles was assessed using
MB49 bladder cancer cell lines. Cells pre-seeded on a 96-well
plate (approximately 1 × 105 cells/well) were incubated with
200 µl culture medium containing different concentrations of
the nanoparticles for 2 days. At the end of which, the cell
viability was examined using an MTS solution (5 mg ml−1)
which was added to each well and incubated for another
2 h. Cell death was then quantified by measuring the
absorbance at 490 nm using a standard microplate reader
(Bio-Tek Instruments, USA). For imaging of the intracellular
uptake of nanoparticles, MB49 cells were cultured with a fixed
concentration of 100 µg ml−1 nanoparticles in each well. The
cells in different wells were incubated with nanoparticles for
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Figure 1. Schematic illustration of the formation of carbonized glucose shells on UCNs.

different times (e.g. 30 min, 1 h and 3 h), and then fixed
with 4% paraformaldehyde for 10 min and washed with PBS
twice. The nuclei were counterstained with 0.1 mg ml−1 DAPI
(Sigma) for 5 min followed by twice washing with PBS for
5 min each. Nanoparticles loaded into the fixed cells were then
visualized under a confocal laser scanning microscope (Nikon
C1 Confocal) specially fitted with a continuous wave 980 nm
laser excitation source.

3. Results and discussion

To create a microscale reactor for coating glucose shells on
individual NaYF4 nanocrystals, a water-in-oil microemulsion
was utilized to encapsulate the nanocrystals in aqueous glucose
pools (as illustrated in figure 1(A)). The microemulsion
consisting of water, CO-520 and cyclohexane at a certain
ratio can efficiently stabilize 20 nm hydrophobic NaYF4

nanocrystals inside the water pools, and is in fact a similar
composition to what has been used to coat a uniform silica
layer on the nanocrystals at room temperature in our previous
research [19]. In this work, elevating the temperature
of the microemulsion solution increases the tendency of
amphiphilic surfactant CO-520 to shrink, with the consequence
of the water phase being gradually separated from the
oil phase (figure 1(B)). The compressed glucose molecules
surrounding the nanocrystals then start to dehydrate and
crosslink with each other. As the reaction continues at high
temperature, aromatization and further carbonization will take
place between cross-linked glucose of the inner layer, while
dehydration still continues at the surface. As a result, a firm
shell comprising a hydrophobic carbonized inner shell and
hydrophilic cross-linked glucose on the surface is formed on
the UCNs, as shown in figure 1(C).

TEM images of the NaYF4 nanocrystals before glucose
coating are shown in figures 2(A) and (B). These nanocrystals
are likely to be self-assembled on the TEM grid due to
interaction of their surface hydrophobic surfactants (i.e. OA)
which were attached during preparation. Since only a
monolayer of surfactant was stabilized on them, these
nanocrystals appear to show a nearly bare surface under
TEM imaging. Thermal treatment of the nanocrystals in the
microemulsion at 120 ◦C for 2 h resulted in an obvious layer to

emerge on the nanocrystals (figures 2(C) and (D) and figure S1
in supporting information, available at stacks.iop.org/Nano/21/
315105/mmedia), suggesting that a carbonized glucose shell
of 3–5 nm was formed on each NaYF4 nanocrystal. It is
worth noting that the size and morphology of the core NaYF4

nanocrystals were maintained even after glucose coating,
indicating that such a coating method does not affect the size
and shape of the core nanocrystals.

During coating, both reaction temperature and time play
an important role in determining the final morphology of the
products. Prolonging the reaction time to 6 h at 120 ◦C
results in a thicker shell to be formed on the UCNs and
many nanoparticles were observed to be clumped together
(figure 3(A)). Such aggregation could be due to subsequent
crosslinking and carbonization between different glucose-
coated nanocrystals. On the other hand, performing the
reaction at a higher temperature of 160 ◦C for 2 h produces a
large carbonized shell encapsulating several UCNs, suggesting
that higher temperature could accelerate the crosslinking and
carbonization of glucose molecules. A low temperature and
short reaction time are thus preferred (such as 120 ◦C and
2 h) to suppress rapid carbonization and over-crosslinking
between these core–shell nanoparticles. While previous studies
generally adopt a high reaction temperature (>160 ◦C) in
preparing carbonized glucose spheres from pure aqueous
glucose solution [21, 24, 25], the present study is successful
in achieving slow crosslinking and carbonization of glucose
molecules at a relatively low reaction temperature due to the
high concentration of glucose (1 M) inside the aqueous pools
of the microemulsion and non-polar solvent environment.

A Fourier-transform infrared (FTIR) spectrum of the
NaYF4 nanocrystals before coating revealed two main peaks—
the first at 2924 cm−1 and 2847 cm−1 are the characteristic
peaks of –CH2 stretching, while another at 1562 cm−1 and
1464 cm−1 are attributed to the asymmetric and symmetric
stretching of –COOH, respectively (figure 4(A)). These
peaks indicate that a monolayer of OA was indeed attached
on the NaYF4 nanocrystals during preparation. When a
carbonized glucose shell was coated on these nanocrystals, two
additional strong peaks at 3320 cm−1 and 1000–1300 cm−1

appeared (figure 4(B)), implying the presence of plentiful
–OH and C–OH groups on the UCNs due to the coating
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Figure 2. (A) and (B) are TEM images of self-assembled hydrophobic NaYF4 nanocrystals before coating. (C) and (D) are TEM images of
NaYF4 nanocrystals after coating with a carbonized glucose shell.

Figure 3. TEM images of carbonized glucose-coated NaYF4 nanocrystals prepared under different experimental conditions. (A) 120 ◦C for
6 h and (B) 160 ◦C for 2 h.

by a glucose shell. Although it is difficult to determine
the exact chemical compositions of the carbonized glucose
since the multistep processes of dehydration, aromatization
and carbonization that they undergo complicate matters, it
was ascertained that formation of a carbonized glucose shell
introduces many new functional groups such as –COOH onto
its surface [21]. These functional groups, along with the
intrinsic –OH and –CHO groups of glucose, confer not only
water solubility of the core NaYF4 nanocrystals (figure S2
in supporting information, available at stacks.iop.org/Nano/21/

315105/mmedia), but also provide many favourable sites for
grafting to various biomolecules.

The UC fluorescence spectra of NaYF4:20%Yb, 2%Er
and NaYF4:20%Yb, 0.3%Tm nanocrystals before and after
glucose coating are as shown in figures 5(A) and (B),
respectively. The Yb, Er-co-doped NaYF4 nanocrystals exhibit
a violet peak (415 nm), two green peaks (525 and 543 nm)
and a red peak (655 nm), which are ascribed to the electron
transitions from 2H9/2, 2H11/2, 4S3/2 and 4F9/2 to 4I15/2 of Er3+
ions. Two blue emissions (450 and 475 nm) are displayed
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Figure 4. FTIR spectra of NaYF4 nanocrystals (A) before and
(B) after coating a carbonized glucose shell. The nanocrystals have a
monolayer of OA surfactants on the surface before coating.

in the Yb, Tm-co-doped NaYF4 nanocrystals, owing to the
transitions of 1D2 to 3F4 and 1G4 to 3H6 of Tm3+ ions [27].
After coating a layer of carbonized glucose, the fluorescence
of these UCNs was observed to decrease to some extent when
compared to those dispersed in cyclohexane before coating,
presumably arising from the photon absorption of –OH groups
from the shell surface and the water solvent. However,
when compared to silica-coated NaYF4 nanocrystals having a
10 nm shell (figure S3 in supporting information, available at
stacks.iop.org/Nano/21/315105/mmedia), the fluorescence of
the glucose-coated UCNs are still obviously stronger, probably
due to the efficiency of its thin layer in reducing the scattering
of both excitation and emission light. Furthermore, the inner
shell of carbonized glucose is of a hydrophobic carbon species,
which builds a solid gap to efficiently shield the core UCNs
from close contact with the surrounding water molecules, a
general quencher of the luminescence of nanocrystals but a
common solvent used in most biological applications [28].
Other surface-modification methods that we had attempted on
the hydrophobic NaYF4 nanocrystals, such as ligand exchange

with poly(acrylic acid) (PAA) and oxidation of OA [9, 29],
caused a dramatic decrease in fluorescence (both emission
and branching ratios) when these modified nanocrystals were
dispersed in water (figure S4 in supporting information,
available at stacks.iop.org/Nano/21/315105/mmedia). It is
very possible that these previous modification routes could
have altered the original surface ligands, which may bring
about some unexpected surface defects, thereby accounting
for the decreased fluorescence observed [30]. On the
other hand, the fluorescence stability of the glucose-coated
UCNs studied over a period of 14 days (figure S5 in
supporting information, available at stacks.iop.org/Nano/21/
315105/mmedia) confirmed our conjecture on its stability.

Silica coating is a widely utilized means to ensure
biocompatibility of nanoparticles for use in various biological
applications [19, 20]. To assess whether glucose coating
can also serve as an alternative means to confer such
‘biocompatibility’ on UCNs, MB49 cells grown for 2 days
with different concentrations of nanoparticles ranging from
10 to 500 µg ml−1 (on the basis of pure NaYF4) were
examined for their viability. As a control, a parallel study
was run alongside wherein the cells were instead grown
with 10 nm silica-coated NaYF4 nanocrystals (figure S3 in
supporting information, available at stacks.iop.org/Nano/21/
315105/mmedia) under the same conditions, as shown in
figure 6. At concentrations less than 200 µg ml−1, no obvious
difference was observed between the viabilities of cells
cultured with either the glucose-or silica-coated nanoparticles,
with both showing a high viability above 75%. However, when
the nanoparticle concentration was increased to 500 µg ml−1,
a marked decrease to less than 50% viability was observed in
cells grown with silica-coated nanoparticles while those grown
in glucose-coated ones still maintained a high viability of more
than 70%. These results imply that, while at low concentrations
the glucose-coated UCNs display a comparable level of cell
biocompatibility to that of the silica-coated ones, they seem
to exhibit better cell biocompatibility at higher concentrations
than their silica-coated counterparts.

A B

Figure 5. UC photoluminescence spectra of different UCNs before and after coating a glucose (or silica) shell at the same concentration
(0.01 M, on the basis of NaYF4). The excitation power density is 50 W cm−2. (A) NaYF4:Yb, Er and (B) NaYF4:Yb, Tm. The hydrophobic
UCNs were dispersed in cyclohexane (dotted line), while carbonized glucose-coated UCNs (dash line) and silica-coated UCNs (solid line)
were dispersed in water.
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Figure 6. Viabilities of cells cultured in two types of nanoparticle
solutions with different particle concentrations, i.e. carbonized
glucose-coated UCNs (red line) and silica-coated UCNs (black line).

Figure 7 shows typical fluorescence images of MB49 cells
cultured with 100 µg ml−1 (on the basis of pure NaYF4)
of either type of nanoparticles for different periods of time.
The cell nucleus was counterstained with DAPI and displayed
blue fluorescence, while the yellow fluorescence came from
the emissions of internalized NaYF4:Yb, Er nanocrystals
in the cytoplasm [6, 19]. It is interesting that, besides
having better fluorescence and cell biocompatibility, glucose-
coated UCNs showed a faster rate of internalization into
cells than silica-coated ones. Under the same imaging
parameters of a confocal microscope, strong yellow emissions
could be observed from cells grown with glucose-coated
UCNs as early as 30 min of incubation, while this was
still not evident in those incubated with silica-coated UCNs.

Compared to the silica-coated UCNs, the easily distinguishable
fluorescence from the glucose-coated ones is most probably
attributed to their stronger fluorescence as well as their
faster rate of internalization, the latter of which is verified
based on the yttrium content of nanoparticles in the cells by
inductively coupled plasma (ICP) measurements. Indeed, it
was found that the glucose-coated UCNs were endocytosed
into MB49 cells and reached a plateau just within the first
three hours of incubation while ongoing endocytosis was
still observed at 12 h in cells incubated with the silica-
coated UCNs (figure S6 in supporting information, available
at stacks.iop.org/Nano/21/315105/mmedia). That a similar
phenomenon was also observed using other cell lines such as
B16F10 murine melanoma cell, though at slightly different
speeds, confirmed glucose-coated UCNs’ superiority in being
internalized.

The rapid endocytosis of glucose-coated UCNs into cells
might be explained based on their small particle size as
well as their affinity for the glucose transporter on the cell’s
surface [31, 32]. Both theoretical simulations and experimental
studies have demonstrated that the optimal size for endocytosis
of nanoparticles is around 25–30 nm, which matches more
closely to the size of our glucose-coated UCNs (∼23 nm) than
the silica-coated ones (∼45 nm). Moreover, since most cells
express glucose transporters on their surface, especially cancer
cells due to their higher metabolic rate [33, 34], the natural
affinity of glucose molecules for these transporters may help
in the fast recognition and capturing of the glucose-coated
UCNs into cells, though a detailed mechanism is not clearly
understood and relevant investigations are still under way.

Figure 7. Fluorescence imaging of MB49 cells cultured with two types of UCN nanoparticles for different periods of time. (A), (B) and (C)
were carbonized glucose-coated UCNs; (D), (E) and (F) were silica-coated UCNs.
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4. Conclusion

In summary, we have developed a facile microemulsion route
to coat carbonized glucose shells on hydrophobic NaYF4

nanocrystals. Due to the particular structure of the carbonized
shell, the modified UCNs not only exhibited strong and
stable fluorescence, but also showed good water solubility and
conjugation ability. In contrast to silica-coated UCNs, the
glucose-coated ones possessed a better cell biocompatibility
at high concentrations, and could be rapidly internalized into
cells in a short period of time. The high signal-to-background
upconversion fluorescence coupled to its rapid internalization
speed into cells makes these glucose-coated UCNs a prized
tool for rapid detection, screening and diagnosis in biomedical
engineering. Furthermore, it is strongly anticipated that the
facile modification method introduced in this study is not only
limited to the OA-capped nanocrystals, but is also applicable
to a broad range of other hydrophobic nanocrystals as well.
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