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Upconversion luminescence nanoparticles (UCNPs) have shown promising applications in biomedical fields as luminescent
probes because of their excellent advantages such as single excitation with multicolor emission, low autofluorescence, and deep
penetration. But the biological applications of such nanomaterials are still restricted due to the unfavorable surface properties. In
this work, we develop a facile one-pot hydrothermal route to obtain O-carboxymethyl chitosan (OCMC)-wrapped NaYF;:
Yb**/Tm™* /Er** red UCNPs which have been used for targeted cell luminescence imaging directly and efficiently. The successful
coating of the UCNPs by OCMC has been confirmed by Fourier-transform infrared (FTIR) spectroscopy and dynamic light
scattering (DLS) studies. Transmission electron microscopy (TEM), powder X-ray diffraction (XRD), thermogravimetric analysis
(TGA), and photoluminescence (PL) spectra have been used to characterize the size, composition and emission color of the sam-
ples, respectively. Due to the good biocompatibility, water-solubility, and strong UC luminescence, these hydrophilic nanocrystals

will open up new avenues in further bioapplications.
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Upconversion (UC) luminescence nanomaterials are a new
class of luminescent probes under intense research and de-
velopment for broad applications in vitro [1-3], and in vivo
imaging [4—8] because of their advantages such as minimal
background autofluorescence and photobleaching (NIR ex-
citation) [9,10], high room-temperature quantum yields [11],
and long luminescence life times [12]. As we know, sodium
yttrium fluoride (NaYF,) is the most efficient UC host ma-
terials for UC luminescence [13,14]. As bio-probes for im-
aging and detection, conceivable advantages include low
toxicity [15], good photostability [16,17], sharp absorption
and emission lines [18], and multicolor emission [19-21]
had been reported. Recent research has achieved considera-
ble success in synthesizing UCNPs for bio-imaging [22—-24].
However, the surface modification via silica coating
[25-28], ligand exchange [29,30], and ligand oxidation

*Corresponding author (email: lywang @mail.buct.edu.cn)

© The Author(s) 2013. This article is published with open access at Springerlink.com

[31,32] to render the hydrophobic nanoparticles water dis-
persible may lead to time-consuming and weak lumines-
cence. Therefore, it is very important to develop a facile
one-pot strategy for the synthesis of UCNPs with strong UC
luminescence, good water stability, and excellent biocom-
patibility.

To the best of our knowledge, chitosan is one of the most
naturally occurring biopolymers and has many meaningful
biological properties such as biocompatibility, biodegrada-
bility, low toxicity, good availability, and antibacterial ac-
tivities toward mammalian cells. Some chitosan derivatives
such as O-carboxymethyl chitosan (OCMC) exhibit even
more excellent biological activity [33] and water stability.
Herein, the OCMC was used as coating agent to fabricate
NaYF,:Yb**/Tm** /Er** nanocrystals via a simple and mild
hydrothermal process. As shown in Scheme 1, the effec-
tiveness of such OCMC-functionalized nanocrystals for UC
luminescence bioimaging has been evaluated on HeLa
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Scheme 1 Schematic diagram for the synthesis and red UC luminescence cell imaging of OCMC coated NaYF,:Yb**/Tm*/Er** nanoparticles.

cancer cell successfully.

1 Experimental
1.1 Materials

Y(NO3);-6H,0, Er(NOj);-6H,O, Yb(NO;);-6H,0, and
Tm(NOs;); - 6H,O were obtained from Beijing Ouhe Chem-
ical Reagent Company. NaF, NaOH, ethanol, ethylene gly-
col, and paraformaldehyde were purchased from Beijing
Chemical Reagents Company. Dimethyl sulfoxide (DMSO)
and 1-ethyl-3-(3-dimethly-aminopropyl) carbodiimide (EDC)
were obtained from Aldrich. EDC and N-hydroxysuccin-
imide (NHS, Acros) were used for bioconjugation. Methyl
thiazolyl tetrazolium (MTT) was obtained from Amresco
and used for the cytotoxicity assay of the nanomaterials.
Folic acid (FA) and OCMC were purchased from Beijing
Aoboxing biotech. All the chemicals were of analytical
grade and used as received without further purification. De-
ionized water was used throughout.

1.2 Particle characterization

The morphology and size of the as-prepared nanoparticles
were checked on a JEOL JEM-1200EX transmission elec-
tron microscope (TEM) with a tungsten filament at an ac-
celerating voltage of 100 kV. Dynamic light scattering
(DLS) particle size analysis was recorded with a Malvern
Mastersize 2000 zeta and size analyzer. X-ray diffraction

(XRD) patterns were examined on a Rigaku XRD-A112
X-ray diffractometer which employed Cu Ka radiation of
wavelength A = 1.5418 A. The operating current and volt-
age were kept at 40 mA and 40 kV, respectively. A 26
range from 10° to 80° was covered in steps of 0.02° with a
count time of 2 s. The emission spectra of the UCNPs were
measured via a Hitachi F-4600 fluorescence spectropho-
tometer equipped with a 980-nm diode laser for irradiation.
Fourier-transform infrared (FTIR) spectra were performed
on a JASCO FT/IR-460 PLUS spectrometer (Tokyo) at
room temperature. The thermogravimetric analysis (TGA)
was carried out on a Simultaneous thermal analyzer TGA/
DSC 1/1100 SF (METTLER TOLEDO). The cell imaging
was performed on a TCS SP5 two-photon Confocal Mi-
croscopy (Leica) equipped with an IR diode laser (MaiTai).

1.3 Synthesis of UCNPs@OCMC

The OCMC-capped NaYFE,:Yb**/Tm*/Er’* (UCNPs@
OCMC) red UC luminescence nanoparticles were synthe-
sized via a one-pot hydrothermal method. In brief, OCMC
(0.15 g), NaOH (30 mg), and deionized water (10 mL) were
added into an autoclave. After the mixture was stirred at
room temperature for 30 min, ethanol (15 mL) and ethylene
glycol (10 mL) were added successively. Then, the aqueous
solution of Y(NO3); - 6H,O (1.59 mL, 0.5 mol/L)), Yb(NOs); -
6H,O (0.4 mL, 0.5 mol/L), Tm(NO;);-6H,O (0.02 mL,
0.05 mol/L), and Er(NOs);-6H,0 (0.08 mL, 0.05 mol/L)
were added and the stirring was kept for another 30 min.
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The sodium fluoride solution (6 mL, 1.0 mol/L) was then
added under stirring. The autoclave was treated at 190°C for
24 h. After the autoclave was allowed to cool to room tem-
perature naturally, the final products were collected and
washed with deionized water. This purification cycle was
repeated for twice. The final products were dispersed in 4.0
mL deionized water and stored for later use. For the charac-
terization of XRD, FTIR, and TGA, the white powder was
dried at 70°C for 10 h.

1.4 Cytotoxicity assay

Cytotoxicity assessment was measured on the HeLa cell line
as described earlier with slight modifications [34]. Briefly,
the cells were seeded in a 96-well cell culture plate (5 x 10*
cells/well) and cultured under recommended conditions at
37°C in a 5% CO,-humidified incubator overnight to make
sure the cells were adherent. The as-prepared UCNPs@
OCMC colloidal solution with concentration ranging from 0
to 200 pg/mL was added into each well, respectively. Then,
the plate was incubated at 37°C for 24 or 48 h. Finally, the
cytotoxicity of the as-prepared nanoparticles was evaluated
via MTT assay [24].

1.5 Cell imaging

The UC luminescence imaging was conducted on a TCS
SP5 two-photon Confocal Microscopy (Leica) equipped
with a MaiTai IR laser. HeLa cancer cells were seeded on a
sterilized glass cover slide and cultured in a 6-well cell cul-
ture plate overnight under recommended conditions at 37°C
in 5% CO,-humidified incubator. The as-prepared FA bio-
conjugated UCNPs (UCNPs@OCMC-FA) stock solution
was added into the cell culture well with a concentration of
75 pg/mL. Then the cells were cultured for another 4 h before
the removal of unattached UCNPs by washing with buffer.
As a control, the UCNPs@OCMC without FA modification
was incubated with the HeLa cells under the same conditions.
Then the cells on the glass slide were washed with PBS and
fixed in 4% paraformaldehyde solution for 15 min.

2 Results and discussion
2.1 TEM and DLS analysis of UCNPs@OCMC

TEM was used to evaluate the morphology and particle size
distribution (PSD) of the OCMC-capped NaYF,:Yb**/Tm™/
Er’* nanoparticles. As shown in TEM images (Figure 1(a)
and (b)), the obtained nanoparticles are spherical in shape
and relatively monodisperse. The particle size determined
by random measurements of 200 particles is 317.15 + 6.06
nm (Figure 1(c)). The DLS experiments were also conduct-
ed on the same colloidal solution to ascertain the PSD (Fig-
ure 1(d)). The results showed that these UCNPs have a nar-
row PSD with a hydrodynamic size of 335.15 + 4.18 nm,
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Figure 1 TEM images ((a) and (b)) and size distribution ((c) and (d)) of
the UCNPs@OCMC. (c) Particle size distribution calculated from the TEM
image, (d) DLS size distribution of OCMC-coated NaYF,:Yb*/Tm* /Er**
UCNPs dispersed in water.

which is in correspondence with the calculated size. It is
notable that, due to OCMC coating and the particle-solvent
interaction [35], the DLS particle size is slightly larger than
the TEM particle size.

2.2 Powder XRD analysis

The as-synthesized nanocrystals have been characterized by
XRD technology. As shown in Figure 2, it is evident that
the main peak positions and relative intensities agree well
with the data reported in standard face-centered cubic phase
NaYF, (JCPDS card No. 77-2042). Meanwhile, other weak
diffraction peaks are in accordance with the standard pat-
terns of hexagonal phase NaYF, (JCPDS card 16-0334).
The results indicated that the UCNPs consist of cubic phase
(major) and hexagonal phase (minor) NaYF,. In addition,
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Figure 2 Powder XRD patterns of (a) standard cubic phase NaYF,
(JCPDS card 77-2042), (b) the as-synthesized nanoparticles, and (c) stand-
ard hexagonal phase NaYF, (JCPDS card 16-0334).
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from the sharp and high diffraction peaks in the XRD pat-
terns, we can deduce that the samples are well crystallized.

2.3 Upconversion luminescence spectra

The OCMC coated NaYF;Yb*/Tm™/Er’* nanocrystals
emit bright-red luminescence under 980 nm excitation. As
depicted in Figure 3(a), the emission peaks of the as-pre-
pared nanoparticles in the wavelength region of 300-900
nm are assigned to the transitions of 1G4—>3H6 (Tm3+: 478
nm), *H,;—He (Tm>": 808 nm), *H,1,— 115 (Er*™: 529 nm),
4S3/2_’4II5/2 (Er3+: 545 nm), and 4F9/2_’4115/2 (Er3+: 658 nm),
respectively [21,36]. The inset of Figure 3(a) showed the
corresponding red UC luminescence photographs of UCNPs
dispersed in water. In order to determine the number of
photons in the UC process of the as-prepared nanocrystals,
the intensities of the UC emissions were recorded as a func-
tion of the 980 nm excitation intensity. The slope of the plot
in Figure 3(b) is about 2, indicating a two-photo excitation
progress.

2.4 FTIR spectra and TGA analysis of NaYF,:Yb"/
Tm*/Er** nanoparticles

FTIR spectra of UCNPs, OCMC, and UCNPs@OCMC
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Figure 3 (a) UC luminescence emission spectra of NaYF,:Yb**/

Tm™/Er’* nanoparticles. Inset: digital photos of the UCNPs dispersed in
water with the irradiation power at 1.2 W (980 nm). (b) Power dependence
of UCNPs emission intensities of 4Fg/2—>4ll5/2 transition in NaYF,:Yb*/
Tm*/Er’** sample under 980 nm laser excitation.
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were showed in Figure 4. NaYF,:Yb”*/Tm**/Er’* UCNPs
prepared in the absence of OCMC shows no characteristic
adsorption peaks of pure OCMC (Figure 4(a)). Three strong
peaks at 1605, 1420, and 1083 cm™ (Figure 4(b)), corre-
sponding to the N—H bending vibration, COO™ symmetrical
stretching vibrations, and C-O bending vibration, respec-
tively, were found in the FTIR spectrum of OCMC [37].
The FTIR spectrum of UCNPs@OCMC (Figure 4(c)) is
highly consistent with that of OCMC strongly suggesting
that the OCMC has been successfully coated onto the
UCNPs. The surface coating of UCNPs@OCMC was fur-
ther investigated by TGA with heating rate of 10°C/min in
the range of 35-800°C under N, atmosphere. Figure 5 illus-
trated the TGA weight for as- prepared UCNPs@OCMC
and the weight loss is 11%. The first slow weight loss
at 40-150°C can be explained by the evaporation of ab-
sorbed water molecules. The sharp weight loss at 270—
600°C can be attributed to the thermal decomposition of the
coating OCMC on the UCNPs. The results further inferred
that OCMC has been coated onto the surface of UCNPs,
which is in accordance with the FTIR results shown in
Figure 4.

(a) NaYF,:Yb** Tm®/Er®*
(b) OCMC

Transmission (%)

NaYF,:Yb¥* /Tm3*/Er"
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Figure 4 FTIR spectra of NaYF,Yb**/Tm*"/Er** nanoparticles (a),
OCMC (b), and UCNPs@OCMC nanoparticles (c).
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Figure 5 TGA curve of NaYF,:Yb**/Tm**/Er** @ OCMC nanoparticles.
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2.5 Cytotoxicity and cell imaging

To demonstrate their potential bioapplications, the cytotoxi-
city of UCNPs@OCMC was carried out using MTT assay
on HeLa cell lines. As shown in Figure 6, no significant
difference in cell viability was observed when the concen-
trations of UCNPs@OCMC ranged from O to 75 pg/mL
after incubation for 24 h. Even though the concentration
went up to as high as 200 pg/mL, cell viabilities were still
greater than 85%. Even after incubation with NPs (200
png/mL) for 48 h, the cell viability was still over 78%. These
results fully showed that UCNPs@ OCMC demonstrates
good biocompatibility, which is highly desirable for subse-
quent cell imaging application.

As a proof of concept, OCMC coated UCNPs were used
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Figure 6 Cell viability test of HeLa cell lines incubated with different

concentration of NaYF,;:Yb*/Tm*/Er** @OCMC UCNPs at 37°C for 24
and 48 h, respectively.

Luminescence
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for UC luminescence imaging on HeLa cell. As shown in
Scheme 1, by means of EDC and NHS, OCMC-functional-
ized UCNPs were bioconjugated with FA, which involved a
condensation reaction between carboxyl groups of FA and
amino groups of OCMC. Then the FA bioconjugated
UCNPs were utilized for the UC luminescence cell imaging.
As depicted in Figure 7(al)—(a3), the HeLa cells exhibited
bright-red UC luminescence according to the attachment of
UCNPs@OCMC-FA through the specific interaction be-
tween the FA and the antigen protein on the HeLa cell sur-
face. As a control, the UCNPs@OCMC without FA bio-
conjugation could not stain the HeLa cells and no red lumi-
nescence could be observed on the HeLa cell surface (Fig-
ure 7(b1)—(b3)), indicating the non- specific adsorption of
UCNPs was negligible. The results clearly demonstrate that
the as-prepared water-dispersible and biocompatible
UCNPs will be promising candidates for targeted bioimag-
ing and other bioapplications.

3 Conclusion

A facile one-pot strategy has been successfully developed
for the preparation of water-dispersible, biocompatible, and
bioconjugatible NaYFE,:Yb*/Tm**/Er’*@OCMC UC lumi-
nescence nanoparticles. Targeted cell UC luminescence
imaging tests demonstrate that these UCNPs are highly de-
sirable for biomedical applications. This facile strategy may
open up a new way to the synthesis of other functional na-
nomaterials coated with a biocompatible shell and find great
potentials in biomedical fields.

Bright field

Figure 7 Confocal UC luminescence imaging of HeLa cells incubated with 75 pg/mL of NaYF; Yb**/Tm*/Er** @ OCMC-FA ((al),(a2),(a3)) and
NaYF,:Yb**/Tm*/Er** @ OCMC ((b1),(b2),(b3)) nanoparticles, respectively. (al),(bl) are images in dark field; (a2),(b2) are luminescence images in bright
field; and (a3),(b3) are overlays of the (al) and (a2), (bl) and (b2), respectively. All the scale bars are 20 pm. Irradiation: 980 nm.
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