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One-pot synthesis of PEG modified BaLuFs: Gd/Yb/Er nanoprobes for
dual-modal in vivo upconversion luminescent and X-ray bioimaging
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Polyethylene glycol (PEG) modified BaLuF5:Gd/Yb/Er upconversion nanoparticles (UCNPs) were
synthesized by a facile one-pot hydrothermal method for simultaneous synthesis and surface
functionalization. The novel, excellently biocompatible and water-soluble bioprobes were used for
simultaneous upconversion (UC) luminescence and X-ray bioimaging for the first time. The as-prepared
BaLuF;5:Gd/Yb/Er UCNPs possess an face-centered cubic structure with an average size of 23.7+2.7 nm.
Under 980 nm laser excitation, these UCNPs emitted intense UC luminescence via two-photon process.
In vitro bioimaging and localized luminescent spectra detected from HeLa cells and background reveal

that these UCNPs are ideal candidates for optical bioimaging with absence of autofluorescence.

Furthermore, the synergistic in vivo UC luminescent and X-ray bioimaging reveal that these PEG-
modified BaLuF5:Gd/Yb/Er UCNPs can be successfully used as ideal dual-modal bioprobes. These
results demonstrate that these PEG modified UCNPs are ideal multi-modal nanoprobes for bioimaging.

1. Introduction

During the past decades, rare earth compounds have evoked
much attention due to their unique 4f electronic structure which
can absorb and emit various wavelength of electromagnetic
radiation from ultraviolet, visible light to near infrared, therefore,
the rare earth luminescent materials possess abundant
fluorescence characteristics.'”'* These special characteristics have
potential applications in many fields, such as near-infrared
quantum counter phosphors, lasers, solar cells, three-dimensional
display, sensors, bioimaging as well as clinical therapy.'*?
Among all the UC nanomaterials, lanthanide (Ln*") doped rare
earth fluorides have been always studied extensively for their low
phonon energy, which decreases the probability of the non-
radiative relaxation and is beneficial for increasing UC
efficiency.®*® UCNPs with weak auto-fluorescence used as
probes for bioimaging can not only improve the detection
sensitivity and signal-to-noise ratio but also can penetrate into the
deeper tissue.””*> Most reports have been focused on the
development of Ln*" doped NaLnF, UCNPs for luminescent
bioimaging.*** As an important kind of host materials, BaLnFs
UCNPs have not been paid so much attention.**** Apart from the
excellent UC property, BaLnFs can also be used as X-ray
bioimaging contrast agent because of the large K-edge values
(Bak.cqge: 37.4 keV) and high X-ray mass absorption coefficient
of Ba element (60 keV, Ba: 8.51 cm® g').*® In addition, the recent
researches reveal the heavy elements with high atomic number
(Z=58-66) can be used as ideal contrast agent. “*** Therefore,
BalLnFs can be an ideal dual-modal bioprobe for UC and X-ray
bioimaging. In addition, except the Ba®*, some Ln®" also have

excellent X-ray absorption property, such as Lu**, Gd**, and Yb**.

The K-edge values of Gd** and Yb*" are 50.2 and 61 keV. And
the X-ray mass absorption coefficients of Gd*>" and Yb** are 3.15
and 9.37 cm? g at the voltage of 60 keV, while 6.91 and 7.25
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em® g™ at the voltage of 80 keV, respectively. On the other hand,
Lu*" also possess large K-edge values (Lug.cqq: 63 keV) and high
X-ray mass absorption coefficients (60 keV, Lu: 4.15 cm? g''; at
80 keV, Lu: 7.16 cm? g'l),46 indicating BaLuFs UCNPs can be
used as ideal dual-modal bioprobes for UC fluorescence and X-
ray bioimaging. So, combining the Ba>" and Lu**, Gd*" or Yb*",
the BaLnFs; UCNPs can be an ideal contrast agent from low to
high voltage, indicating the sample can be used for various tissue
and different age of people. So far, Lu has demonstrated the
excellent properties of BaYbFs@SiO,@PEG as contrast agent in
in vivo X-ray computed tomography (CT).>° Our group developed
BaYF5:Yb/Er UCNPs for UC fluorescence and in vivo CT
imaging by simultaneous synthesis and amine-functionalization.”!
BaGdFs; UCNPs as ideal bioprobes were also widely used in UC
luminescence, X-ray bioimaging and magnetic resonance
imaging (MRI).>***% Recently, Mahalingam’s group reported the
synthesis and inter-particle energy transfer of the sub-10 nm
lanthanide doped BaLuFs UCNPs synthesized by a thermal-
decomposition method.** However, the hydrophobic BaLuFs
UCNPs prepared by thermal-decomposition method need further
surface modification for converting to hydrophilic UCNPs, which
will limit their applications in bioimaging. Although BaLuF;
UCNPs possess excellent UC and X-ray absorption properties,
there is still no report on the simultaneous synthesis/surface
modification and multi-modal bioimaging of the hydrophilic
PEG-modified BaLuFs UCNPs.

Herein, Gd**, Yb*" and Er** (30%/20%/2%) co-doped BaLuFs
UCNPs were synthesized by a simple one-step method of
simultaneous synthesis and surface modification with PEG. The
structure, morphology and UC properties of the as-prepared
samples were discussed. Furthermore, the in vitro HeLa cell
bioimaging and dual-modal in vivo fluorescence/X-ray
bioimaging of BaLuFs; UCNPs were studied in detail for the first
time.
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2. Experimental

2.1 Chemicals and materials

Polyethyleneglycol (PEG, average molecular 5000),
Ln(NO;);6H,O (Ln = Lu, Yb, Er and Gd), BaCl, (99.99%),
NH,4F and ethanol were all purchased from Sinopharm Chemical
Reagent Co., China. All of these chemical reagents were used as
received without any further purification.

2.2 One-pot synthesis of PEG-modified BaLuF5:Gd/Yb/Er
UCNPs

The PEG-modified BaLuFs;:Gd/Yb/Er UCNPs were synthesized
by a modified one-pot hydrothermal method.*® Firstly, 1.0 g of
PEG was added into 20 mL of deionized water containing 1 mL
of BaCl, (1 M) and the mixture was stirred vigorously for 10
minutes. Then, a total amount of 1 mmol of Ln(NOs); (Ln = Lu,
YD, Er and Gd ,0.5 M) with the proportion of 48:30:20:2 were
added into the above mixture solution under vigorously stirring.
Finally 6 mL of NH,F (1 M) was added. The obtained mixture
solution was agitated for another 10 minutes and then transferred
into a 50 mL stainless Teflon-lined autoclave and kept at 190 ‘C
for 24 h. After reacting completely, the system was cooled down
to room temperature naturally. The prepared samples were
washed several times with ethanol and de-ionized water to
remove other residual solvents by centrifugation, and then dried
in a vacuum drying oven at 60 C for 24 h. The BaLuF5; UCNPs
without doping Gd** were also prepared by the above procedure.

2.3 Characterization

The crystal phase of the as-prepared BaLuFs:Gd/Yb/Er UCNPs
were detected by powder X-ray diffraction (XRD) using a Rigaku
D/max 2500 System X-ray diffractometer with a scanning rate of
0.02°s™" in the 20 range from 20° to 80°. The morphology and
size of these nanocrystals were characterized via a transmission
electron microscope (TEM, JEOL-2100F) with an acceleration
voltage of 200 kV. Under 980 nm excitation, the UC emission
spectra were recorded.

2.4 Invitro cell imaging

HeLa cells were grown in Dulbecco’s Modified Eagle’s Medium
supplemented with the hydrophilic BaLuFs5:Gd/Yb/Er UCNPs
(100 pg/mL), 10% fetal bovine serum and 1% penicilin and
streptomycin at 37 ‘C and 5% CO,. After 4 h, the residual
UCNPs were washed several times with phosphate buffer
solution (PBS). Then HeLa cells incubated with these UCNPs
were imaged by a commercial confocal laser scanning
microscope (ZEISS LSM-710 NLO) with 980 nm excitation. The
green and red channels were recorded at the spectral regions of
500-600 and 600-700 nm, respectively.

2.5 Invivo X-ray bioimaging

A nude mouse was intraperitoneally injected with 10 wt% chloral
hydrate solution. And then 200 pL of the PEG-modified BaLuFs
aqueous solution (3 mgmL™") was subcutaneously injected into
the mouse. After the injection, the X-ray imaging was detected by
a multi-modal in vivo imaging system (Bruker /n Vivo FX PRO)
with X-ray imaging functionality. The X-ray bioimagings were
recorded with the exposure time of 30 s at 45 kV.

2.6 In vivo UC and X-ray imaging

To study the in vivo UC/X-ray dual-modal imaging, 10 wt%
chloral hydrate solution was intraperitoneally injected into a nude
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mouse firstly, then 200 pL of the PEG-modified BaLuFs aqueous
solution with the concentration of 3 mg'mL™" was subcutaneously
injected. After the injection, the UC/X-ray dual-modal imaging
was carried out by a multi-modal in vivo imaging system (Bruker
In Vivo FX PRO) with an external 980 nm laser as the excitation
source and X-ray imaging functionality. The UC fluorescence
and X-ray bioimagings were recorded with the exposure time of
30s.

3. Results and discussions
3.1 Structure Characterization of BaLuF5:Gd/Yb/Er UCNPs

The water-soluble BaLuFs UCNPs doped with 30% Gd**, 20%
Yb** and 2% Er’* were synthesized by a facile one-pot hydro-
thermal method using PEG as capping agents. The structure and
phase composition of the as-prepared UCNPs were detected by
XRD. Fig. 1d showed that eight characteristic diffraction peaks of
the as-prepared UCNPs were not in conformity with standard
XRD patterns of all the known phases of BaLuFs including
monoclinic phase (JCPDS 43-0933, Fig. 1b) and orthorhombic
phase (JCPDS 43-0934, Fig. 1a). It’s interesting to find that the
diffraction peaks of the samples are matched well with the
standard cubic phase of BaGdFs (JCPDS 24-0098). The findings
reveal that the as-prepared BaLuFs UCNPs possess face-centered
cubic (FCC) phase structure similar with BaGdFs host. The
BaLuFs UCNPs undoped with Gd** possess cubic and monoclinic
phase (Fig. le), indicating Gd** doping can favor the phase
transformation from monoclinic to cubic. These findings was
matched well with previous Liu's and our report for NaLnF,
host.™>*® The lattice constant of the samples with 30% Gd was
calculated to be 5.861 A. Moreover, no other impurity diffraction
peaks were observed, indicating that all of the doping ions were
successfully incorporated into the host materials. Furthermore,
TEM characterizations were performed to reveal the size and
morphology of the as-synthesized BaLuFs5:Gd/Yb/Er UCNPs.
The typical TEM images in Fig. 2a show that the as-prepared
UCNPs were dispersed well. The size distribution of the as-
prepared UCNPs (the inset of Fig. 2a) showed that the average
size was about 23.7£2.7 nm. The corresponding selected area
electron diffraction (SAED) pattern (Fig. 2b) proved that the as-
prepared UCNPs had a FCC structure, which was consistent with
the above XRD analysis. Fig. 2c showed the typical high-solution
TEM (HRTEM) image of a single particle with a measured d-
spacing of 3.387 A, which corresponded to the (111) lattice plane
of the cubic phase BaLuFs. Energy-dispersive X-ray spectrometer
(EDS) analysis (Fig. 2d) further demonstrated the as-prepared
UCNPs containing all the elements: Ba, Lu, F, and the doped Gd,
YD and Er.
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1.51, 1.81 and 1.64, respectively, indicating that two photons
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(a) Orthorhombic phase BaLuF 5 (JCPDS-43-0934) 3.3 In vitro cell bioimaging
35 The PEG modified BaLuF5:Gd/Yb/Er UCNPs can be well
1 dispersed in water as well as can be further conjugated with some
10 20 30 40 5'0 6'0 7'0 30 special biomolecules for many amine groups, which is suitable
20 (degree) for the applications in biology. Therefore, HeLa cells were

Fig. 1 (a) the standard XRD pattern of orthorhombic phase BaLuFs incubated with the PEG modified BaLuFs UCNPs for 4 h at 37 °C
(JCPDS 43-0934); (b) the standard XRD pattern of monoclinic phase 4 and 5% CO, to study the UC optical bioimaging. Fig. 4 showed
BaLuFs (JCPDS 43-0933); (c) the standard cubic XRD pattern of BaGdFs the in vitro cell bioimaging detected by a confocal laser scanning
s JCPDS  24-0098); (d) XRD patten of the PEG-modified microscopy (ZEISS LSM-710 NLO) under 980 nm excitation. As
BaLuFs:Gd/Yb/Er UCNPs; (e) XRD pattern of the PEG-modified . : . ‘s
BaLuF.-Yb/Er UCNDs. .shown. in Fig. 4b and 4c, two intense UC emission channels
including green (500-600 nm) and red (700 nm) were
respectively detected on the surface of HeLa cells, indicating the
as-prepared samples were successfully internalized into the cells.
The overlay image (Fig. 4d) showed the UC signals were
matched well with HeLa cells. Moreover, the localized
luminescence spectra taken from cells and background (inset of
so Fig. 4d) under the excitation of 980 nm laser revealed the similar
luminescent spectra with Fig. 3a and absence of any
autofluorescence, further verifying the cell uptake of these
UCNPs. All these results demonstrated the BaLuFs UCNPs can
be used as ideal nanoprobes for UC luminescent bioimaging
ss without autofluorescence.
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10 Fig. 2 (a) Typical TEM images of the PEG-modified BaLuFs:Gd/Yb/Er
UCNPs; (b) the corresponding SAED pattern; (¢) HRTEM image of an
individual particle, and (d) EDS pattern. The inset of (a) indicates the size
distribution of the particles.

3.2 UC luminescent properties

s The UC luminescent spectra of the PEG-modified
BaLuFs;:Gd/Yb/Er  UCNPs  were  measured by a
spectrophotometer under the excitation of 980 nm laser diode. As
is shown in Fig. 3a, there were three typical UC emission bands
centered at 520/545 (green) and 664 (red) nm, which can be

2 attributed to the electronic transition of 2Hyy»/*S;, — *Iys, and

*Fg» = *Iis» of Er’* ions based on the energy level diagram (Fig. Lpm - g
S1), respectlvely. General.ly, the UC ll.lml.nescent lntens.lty (uc) 1s Fig. 4 In vitro bioimaging of HeLa cells treated with the PEG modified
proportional to the near-infrared excitation (/yz), which can be BaLuFs UCNPs under 980 nm excitation: (a) bright field image; (b) and

described as the following formula: Iyco<lyz". Where n is the (c) the corresponding green (500-600 nm) and red (600-700 nm)
number of photon absorbed for each UC emission process. The luminescent images, respectively; (d) the overlay image. The inset of Fig.
value of n is determined by the slope of the fitted line in the plot 4d shows the corresponding localized spectra taken from HeLa cells and
of log Iyc versus log Iy;z. Fig. 3b revealed that the slopes for the Eizﬁ‘gﬁ;nd in the spectral range of 500 to 700 nm with a 980 nm
green and red UC emissions of Er*" at 520, 545, and 664 nm are ’
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3.4 X-ray bioimaging

Except the UC bioimaging, the as-prepared BaLuFs UCNPs can
be also used as X-ray bioimaging agent owing to the large X-ray
absorption coefficient of Ba, Lu, Gd and Yb. To reveal the ability
s of in vivo X-ray bioimaging based on these UCNPs, a nude
mouse without and with subcutaneous injection of UCNPs was
imaged by the above imaging system under X-ray excitation. As
demonstrated in Fig. 5b, an obvious X-ray absorption contrast
(indicated by red circle) was observed after the injection of these
10 UCNPs, whereas no X-ray signal was observed before injecting
the UCNPs (Fig. 5a). These results indicated that these UCNPs
can be successfully used as X-ray bioimaging agent.
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Fig. 5 In vivo X-ray bioimaging of a nude mouse: (a) without injection of
15 UCNPs, (b) after the subcutaneous injection of UCNPs.

3.5 Synergistic X-ray and UC bioimaging

To further investigate the synergistic effect of X-ray and UC
bioimaging, the simultaneous X-ray and UC bioimaging of a
nude mouse was tested by a multi-modal in vivo imaging system

20 equipped with an external 980 nm laser as the excitation source
and X-ray imaging facility. Fig. 6 shows the in vivo bioimaging
of a nude mouse without and with subcutaneous injection of the
PEG-modified BaLuF5:Gd/Yb/Er UCNPs. As shown in Fig. 6b,
an intense UC signal was observed after the injection, while there
were no UC signals before injecting the UCNPs (Fig. 6a). The
overlay image showed a perfect match of white light and UC
emission bioimaging. This result indicated that the as-prepared
samples were excellent bioprobes for in vivo UC bioimaging.
Moreover, the UC and the X-ray signals were matched very well
(the right panel of Fig. 6d), indicating the as-prepared UCNPs can
be successfully used as dual-modal bioprobes. Furthermore, 30%
Gd** ions in the UCNPs may make it have good paramagnetism
and the as-prepared samples may have potential application MRI
as ideal contrast agent, suggesting the BaLuFs; UCNPs can be
35 multi-modal bioprobes.

2:

G

3

S

High

Low

Fig. 6 (a) In vivo upconversion luminescent bioimaging of a nude mouse
without injection of the BaLuFs UCNPs: the left panel was white light
imaging, the middle panel was UC emission imaging, the right panel was

40 the overlay images; (b) the corresponding imagings after the injection; (c)
In vivo dual-modal X-ray and UC bioimaging of a nude mouse without
subcutaneous injection of UCNPs: the left panel was X-ray imaging, the
middle panel was UC imaging, and the right panel was the overlay images;
(d) the corresponding images after the injection.

s 4. Conclusions

A new kind of PEG-modified BaLuFs;:Gd/Yb/Er multi-modal
bioprobes for UC fluorescent and X-ray bioimaging were
synthesized successfully by a one-pot hydrothermal method using
PEG as capping ligand. The XRD and TEM results revealed that
so the as-prepared BaLuFs:Gd/Yb/Er UCNPs presented FCC
structure with an average size of 23.7 nm and lattice constant of
5.861 A. The localized spectra and in vitro cell imaging revealed
that intense green and red UC emissions with no auto-

Page 4 of 7



Page 5 of 7

o

2

S

2

o

30

35

40

45

50

55

Dalton Transactions

fluorescence centered at 545 and 664 nm were observed from the
surface of HeLa cells. In addition, intense UC and X-ray signals
were observed in in vivo UC and X-ray bioimaging. The perfect
matching of UC/X-ray imaging signals verified that the UCNPs
can be used as ideal multi-modal bioprobes for synergistically
biomedical imaging.
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One-pot synthesis of PEG modified BaLuFs: Gd/Yb/Er nanoprobes for dual-modal in

vivo upconversion luminescent and X-ray bioimaging

Ling Rao,”” Wei Lu,® Tianmei Zeng," Zhigao Yi, “* Haibo Wang, “* Hongrong Liu” and Songjun Zeng

PEG-modified BaLuF5:Gd/Yb/Er nanoparticels synthesized by hydrothermal method for in vivo and in vitro

bioimaging and X-ray bioimaging.



